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Technology has revolutionised all aspects of human life at all consecutive in-
tervals and Fourth Industrial Revolution is no different. Daily transport and
energy industries not only shape the future of a country’s economy, but also
make the economy highly yielding due to recent advances. Electric vehicles
(EV) have been rapidly invading the market share during recent years.The
advancements in EV and enhanced market share demand EV charging, be-
ing more reliant on either conventional plug-in charging or wireless charg-
ing. Given the limitations within battery related apparatus such as escalating
battery costs, higher weight and lower power density, wireless power trans-
fer (WPT) is a novel state of the art technology in energising. WPT has re-
markable characteristics such as enhanced flexibility, mobility, convenience
and safety, indicating potential benefits, if it is adopted for EV with similar
efficiency; for example, it can eliminate the use of charging cables.
Despite the fact that the wireless charges for EV, have undergone signifi-
cant development phase during the last decade, many design limitations are
yet to be addressed. Although the technology has been commercially out-
grown, key limitations such as limited efficiency over distance, limited driv-
ing range, vulnerability to misalignments, or positional offsets are yet to be
researched. Moreover, although high system efficiency can be attained, the
distance variations between the transmitter and receiver and the misalign-
ments will impact the system efficiency. This thesis addresses the aforemen-
tioned limitations and design challenges of the magnetic resonance WPT sys-
tem, and proposes a novel transmitter and receiver circuit and coil designs,
to minimise the impact of distance variations and coil misplacement, reduce
the size and improve charging performance.
This thesis focusses on inductive wireless power transfer (IWPT) which
is also referred to as magnetic resonance and reviews and contrasts other
WPT mechanisms. Additionally, it presents a detailed mathematical analysis
of inductive wireless power circuit model to obtain accurate modelling pa-
rameters. Two and four loop strongly coupled magnetic resonance (SCMR)
wireless power systems have been mathematically analysed and their perfor-
mance has been evaluated. A novel combined, conformal strongly coupled
magnetic resonance system (CSCMR) has been combined with SCMR, in or-
der to minimise the dimensions of the receiver and compensate the coupling
factor due to distance variations between the transmitter and receiver. In the
second phase, additional inductors were added to the existing loosely cou-
pled system to obtain higher efficiencies over higher distances. The size of
ix
the system has significantly reduced due to the additional smaller transmit-
ter and receiver inductor which were added to the existing system to achieve
better performance. The validity of each design has been discussed via a set
of simulations, and their measurements have been obtained via prototypes.
Finally, a smart WPT charging system, consisting of six transmitter loops
and a sensor network array, for an autonomous parking space was devel-
oped. The proposed method reduces the energy required for determining a
car’s location, eventually increasing the performance of the charger.
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Introduction
T RANSPORTATION plays a major role in day to day life where commutersspend the majority of their day stuck in traffic jams while travelling to
their jobs in the cities. These traffic jams are caused due to yearly increase in
the number of automobiles. According to a study in [1], approximately 70%
of UK households owns at least one vehicle. In 2016, UK alone had more
than 30 million registered cars that were driven on the roads. Vehicle licens-
ing statistics indicate that, in 2016, around 3.3 million cars were registered for
the first time and 42,000 vehicles were ultra-low emission vehicles (ULEVs)
[2]. ULEVs can be defined as the vehicles that have less than 75g of carbon
dioxide (CO2) emission per kilometre and purchasing ULEV are further en-
couraged by eliminating the vehicle exercise duty (VED). As the emission
standards surge, both new and conventional auto-makers anticipate in Elec-
trical vehicle (EV) manufacturing, and thus investing in significant research
efforts. Irrespective of the smaller percentage of EV on the road, considering
the environmental aspect, Electrical vehicles (EV) are not just a greener, it is
also an investment for the future being an eco-friendly material.
Over the conventional petrol cars, an EV offers health, ubiquity and a
safety benefit. Charging cables are still used to connect the vehicles to the
charging stations, which are not sustainable [3] in the long-term. One of the
obvious advantages of Wireless power transmission (WPT) over wired trans-
mission system is, its significantly lower cost of infrastructure maintenance.
Thus, WPT is also the only feasible alternative to the bulky cables that are cur-
rently being used. WPT gained utmost popularity over the last two decades,
due to its simplicity and functionality [4].
If we look back at history, we find that prior to Marconi’s successful radio-
wave transmission in 1902, only a handful of alternative solutions has been
tested to fulfil the means of both energy and information transfer over long
distances in attempt to eliminate the use of wires. During the late 19th cen-
tury, both Nikola Tesla and Heinrich Hertz, had theorised the achievability of
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wireless power transmission and Tesla’s Wardenclyffe Tower experiment is
among the list of widely spoken practical experiments by the scientific com-
munity. In contrast to Marconi, Tesla’s method focusses on non-radiative
technology which was adopted by Poynting and Lamor [5]. The main fea-
ture of Tesla’s concept was based on Maxwell’s proposition of non-radiative
magnetic frenzies.
Near field transfer can be obtained via capacitive effect and mutually in-
ductive coils. This transmission is then exhibited in a conventional trans-
former. Both mid and near field wireless systems have a distinct influence
over far field technologies in a wide range of environments, including un-
derground, underwater and in-body tissues. This thesis will investigate the
efficiency of near field power delivery to charge electrical vehicles irrespec-
tive of the orientation and position of the transmitter and the receiver. In
a nutshell, Tesla, Poynting and Larmor agreed on two fundamental facts,
which have been listed as follows:
1. The earth acts as an acceptable conductor corridor, a charged shell which
is a sustainable transmission medium [5].
2. A pathway to transfer electrical current between two distinct locations
can be achieved via a suitable circuit to fulfil the requirements.
A breakthrough was made in 2007 by a group of scientists led by Profes-
sor Marin Soljacic of Massachusetts Institute of Technology (MIT), making
Tesla’s dormant vision, a reality. A 60 Watt bulb was light wirelessly at 8
feet distance via two larger copper coils which were tuned to resonate at the
same frequency. Magnetic resonance phenomena, was initially proposed by
Soljacic et. al [6], WPT has been implemented in a wide range of applica-
tions, ranging from household applications [7] to medical implants [8]. In
the past few years, researchers have been working towards the implementa-
tion of WPT technology in the EVs [9, 10]. They have been able to develop
a methodology to transmit power to the EV via inductive wireless power
transmission (IWPT) [11] as well as capacitive wireless power transmission
(CWPT) techniques [12]. Transmission efficiency has also been significantly
improved over the passing years. Currently, the efficiency of the WPT system
can reach up to 96%, however, it strongly depends on the transmitter and the
receiver loop alignments [13].
It is also crucial to note the disadvantages of wireless charging while list-
ing down the advantages. Upon the accuracy of the setting between the
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charger and the receiver which is the vehicle, efficiency runs between 30%-
80%. However, even with the most ideal setting power could be wasted.
Wireless charging has come a long way that it has given endless possibilities
to improve the entire EV industry.
1.1 Motivation
Since mid-2000s, when Marin Soljacic founded WiTricity after ultimately re-
ceiving the patent, company’s business interest shifted from consumer elec-
tronics, mobile phone industry to exclusively on car chargers. The BMW-
WiTricity partnership was able to release the first magnetic resonance based
remote electric car charging system on the market, leading WiTricity to work
together with the globes leading auto-manufactures to standardize the wire-
less car charging. Toyota adopted the wireless charging for Prius hybrid,
eventually investing in the research while the rest of the Japanese auto man-
ufacturers were working on prototypes. BMW 2018 530e iPerformance has
gained potential market attention being able to charge a 9.2kWh battery in a
couple of hours and under way to be released in Asia, Europe and US mar-
kets. However, the range is yet limited to 16miles at 90% efficiency, which
is the highest level of efficiency so far been achieved via a WiTricity technol-
ogy. Despite luxury, 530e iPerformance charging pad requires following the
directions as given on infotainment manual limiting the receiver’s degree of
freedom. In contrast, Tesla model S comprises a battery which is approxi-
mately 100-75kWh and requires of being charged for 24 hours. Extraordinary
competition among the auto makers has relentlessly accelerated, leaving the
battery manufacturers enhance the battery sizes and techniques that are cur-
rently being used with rapid charging capabilities. Despite the fact that Res-
onance phenomena is not exclusively unique to electrical charging, energy
transfer to take place, given the coinciding coil orientation which resonate
at the same frequency. WiTricity system designs are based on conventional
circular coils with a charging rate of 3.6-11kW [14] which is a potential charg-
ing mechanism for low capacity batteries. Given that a single charging pad
being able to charge a wide range of vehicles between sports cars to SUV,
charging facility can be integrated with a broad range of locations, making
the technology prevalent in the years to come. WiTricity is not the standalone
technology provider in the market as it appears, number of smaller manufac-
tures such as Plugless Power and Qualcomm’s Halo has emerged, adopting
akin design with similar functionality to WiTricity with a different charging
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infrastructure, known as dynamic charging. In contrast, dynamic charging
offers a further level of freedom by allowing the EV to be charged while they
are in motion. Particularly, given the number of the technology providers,
products and brands, it is crucial to commercially establish the interoperabil-
ity, which is a crucial stepping stone to the accelerated adoption. As a result,
a draft of wireless charging standard (J2954) has been released, but yet to be
closely developed over by standards organization SAE. While J2954 is be-
ing developed, a second-generation standard is already being worked on by
Plugless which is already existing on the Tesla Model S in North America.
1.2 Research Aims and Objectives
The main aim of the research is to improve the performance of the WPT sys-
tem by Increasing the distance between the resonators, decreasing the sys-
tem dimensions, improving the spatial freedom and efficiencies. This re-
search also aims to investigate the magnetic resonance base four-loop wire-
less power transmission system to facilitate a highly efficient and stable power
transmission between the car and the charging panel.
• Literature review has been conducted by a tandem mathematical re-
view, to get a thorough understanding of the short and mid-range wire-
less power phenomena, historical discoveries and current system lim-
itations. Multiple system limitations will be addressed opposed to the
system efficiency and the applicability within the applications which
are yet to be advanced.
• Designing the system components may require a coalition of mathe-
matical analysis, modelling, followed by the measurements. An inves-
tigation has been conducted using the free space as the transmission
medium, given the conditions may vary upon the parameter which is
to be enhanced. The goal is to yield a prototype model of the magnetic
resonance wireless power system, which could transfer energy over the
free space by magnetic resonance. Signal dynamics opposed to the sys-
tem efficiency has been of greater interest.
• A prototype was built in response to the MATLAB based mathemati-
cal simulation and the mathematical behaviour, rendering in terms of
Maxwell, Ohm and Faraday concepts. Theory of Maxwell and Faraday
will be applied during the design of the physical model and initially
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it will consist of two major segments: Receiver and the Transmitter.
Experiments initially will begin placing the transmitter away from the
receiver and crucial parameters such as the distance and receiver orien-
tation will be varied to observe the efficiency variations.
• Later chapters of the thesis will emphasise how the overall system ef-
ficiency can be enhanced and discussed opposed to the experimental
results obtained by the prototype built to converge the approach. Con-
clusions were driven based upon the results obtained by both the sim-
ulation and the built prototype.
1.3 Key Contribution
This research focusses on development of high performance models of a
strongly coupled magnetic resonance (SCMR) system. Therefore, the main
contributions of of this thesis are:
• Develop an optimal and cost effective SCMR for WPT charging of elec-
tric vehicle (EV), which satisfies the size and spatial freedom require-
ments.
• Develop various SCMR designs and examine their performance vary-
ing crucial parameters such as distance, coil dimensions and the ge-
ometry. The system was developed for wireless charging of hand-held
electronic devices and EV charging as potential applications.
• Miniaturise the SCMR-WPT system for EV charging. Analysis SCMR
geometrics to reduce the size and weight of the WPT system. The
miniaturization will enhance the users comfort and enhance the trav-
elling distance.
• Derive an analytical model of SCMR system. The effect of size, the dis-
tance and the frequency was formulated. The efficiency of the system is
calculated using proposed analytical model as a function of geometrical
and material parameters.
• Propose a novel method of WPT system design, using multiple induc-
tors to improve the coupling between the coils.
It is believed that within the next few years there will be many thriving
ubiquitous wireless power applications for hand-held and EV charging, with
enhanced charging efficiency at minimum cost.
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1.4 Thesis Organisation
The remaining part of this thesis is organised as follows. Chapter 2 provides
a general background theory on the WPT and car charging. It covers a lit-
erature review of WPT, from long range to short range and its applications.
This chapter also describes the basic mathematics of IWPT and offers an in-
sight on the EV components. In Chapter 3, a four loop SCMR-WPT system
is described and combined with conformal SCMR (CSCMR) system to offer
more spatial freedom to the application. In this chapter rather than SCMR or
CSCMR a combined system which consist of SCMR on the transmitter and
CSCMR on the receiver side is used. The system is analysed with a mathe-
matical model and the results are compared with the measured results. With
this approach the power transmission can be achieved from a very short dis-
tances to a maximum distance, without adjusting the frequency. Chapter 4
demonstrates a inductor-capacitor-inductor (LCL) design of transmitter and
receiver loop oscillation circuit. The design is mathematically described and
simulated, the results are compared. The main advantage of this method is
to reduce the size of the transmitter and receiver resonator, which reduce the
weight of the vehicle. In Chapter 5, a novel approach of wireless car charg-
ing is proposed. The new method include sensors embedded in the parking
place, which sense the car position. The method is described and simulated
with the test circuit. With this new charging method, the maximum effi-
ciency of a transmitter coil in a multicoil charger is determined mathemati-
cally based on the sensors feedback. This method increase the charging time
and reduces losses. It can also sense any change in a car’s position, which
can increase losses.
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Background Theory
THIS chapter provides a review of EVs, inductive charging and currentWPT technologies. The history of wireless power, the elementary phase
of research that began during the early 18th century and the most recent de-
velopment in the field are presented in Section 2.1. This discussion is fur-
ther backed up with various existing WPT techniques that are prominently in
use, including the far and near-field techniques and, most certainly, a careful
comparison between their advantages and the limitations. This chapter also
outlines, a considerable amount of theoretical background which are based
on areas where WPT applications are already in use. WPT has entered the
mainstream with few impressive demonstrations despite the gaps between
exhibiting the technology viability and commercialisation, this will shape the
future of consumer electronics. Although that it is exciting to know what the
future holds for the widespread adoption of wireless charging, yet the health
and safety aspects of the applications cannot be neglected. Health and safety
standards are presented followed by more detailed presentation of IWPT in
Section 2.2, where the basic descriptions are presented. The EV, its basic
design and charging are presented in Section 2.3. This section covers EV
design, battery and the charging system. The main challenges and limita-
tions are discussed in Section 2.4 followed by Section 2.5, which explains the
methodology of the thesis. The conclusion of Chapter 2 is drown in Section
2.6.
2.1 Wireless Power Transmission
2.1.1 The History of Wireless Power Transmission
In this section an overview of the history of WPT is presented. The first re-
ported experiment on WPT dates back to 1819. It was Danish physicist and
chemist H.C. Oersted [15]. He discovered that the electric current, which
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flows through the electric wire, generates a magnetic field around the con-
ductor. Ampere’s Force Law, Biot-Savart’s Law following Faraday’s Law of
electromagnetic induction were later established, based on Oersted’s funda-
mental discovery, underlining the connection between magnetism and elec-
tric current.
In 1864, J.C. Maxwell detailed how magnetic and electric field are gener-
ated and affected by each other and mathematically defined them via Maxwell’s
equations forming the foundation of classical electromagnetism. Later in
1873 his electricity and magnetism theory along with his other research ef-
forts during his time in Cambridge, was unified into a publication "A Treatise
on Electricity and Magnetism" [16]. His study concluded that electricity and
magnetism are regulated by the same force.
In 1888, a German scientist H.R. Hertz, successfully used a pair of oscilla-
tors to transfer electrical power through a small gap between the coils, during
his landmark research analysing Maxwell’s equations [17]. This experiment
was a breakthrough being the first ever practical observation of the existence
of the electromagnetic radiation confirming Maxwell’s predictions. A series
of experiments based on electromagnetic radiation, were further conducted
by his rival, Croatian-born American researcher Nikola Tesla spending great
deal of time and capital. The primary focus of Tesla’s study was to develop
a technique that transfers electrical energy over a large distance, eliminating
electrical wires. In 1893, he was able to successfully transmit high frequency
current over a short distance using a single wire as a conductor [18]. This
was followed by another breakthrough in 1899, when he transmitted 108V of
high-frequency electric power to turn on Geissler tubes across the stage [19].
During Tesla’s wireless transmission of electricity based research, he de-
veloped a "Tesla Coil" with an air gap between the coils, which was a great
contribution towards the promotion of electromagnetic field. In 1901, Tesla’s
completed his famous Wardenclyffe Tower, which was designed with the in-
tention to transmit electricity through the ionosphere over a large distance.
However, the project was later shut down due to low efficiency, hazardous
concerns and a lack of funding caused by a breakthrough made by an Ital-
ian researcher, Marconi, who was able to successfully transmit a radio signal
across the Atlantic Ocean [20].
The early invention of magnetron was designed by H. Gerdien in 1910,
whilst many reassembling devices were designed from the 1920s to 1930s.
However, even though the design converts electricity into microwave which
allows the energy to be transmitted over a long distance, the conversion of
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the microwave back to electricity was considered a major design limitation.
In 1964, W.C. Brown, who specialised in the magnetron principle, proposed
WPT via microwave during a demonstration during which he also discov-
ered a methodology that converts the incident microwaves back into DC
power via a rectenna [21].
Since the development of rectenna, a numerous attempts have been made
to achieve high power transmission over a long distance. The experiments
were carried out mostly performed by Canadian and Japanese research in-
stitutes [22]. As the research on WPT evolved, Brown, in 1975, successfully
transmitted a 30kW of power over a 1 mile distance with an efficiency of
84% using microwaves [23]. However, the research was discontinued due to
the emergence of solar power satellites (SPS), which were firstly described
in 1968 [24]. The main concept of SPS is to place a large geostationary satel-
lites in Earth’s orbit to collect energy from the sunlight and transmit it to the
Earth using microwaves. At the same time, a coupling based electromagnetic
transmission was introduced for a low power appliances. The technique was
implemented in an implantable medical device [25].
A larger number of trendy portable electronics emerged during the late
1990 at an affordable price, due to the development of semiconductors led to
far better and cheaper consumer electronics, after having competed primar-
ily through performance which was measured by the energy consumption at
the time. All approaches were pretty fruitless where the devices actually did
not have a permanent power source and therefore a power source such as a
battery was required. The battery offers a limited power source with shorter
life time, hence the necessity for a low power inductive based wireless power
transfer was raised [26]. However, during 2007, a new phenomenon of non-
radiative mid-range WPT, was experimentally demonstrated by Kurs et al
[6] using self resonant strongly coupled coils. The rapid proliferation of WPT
techniques provides an ample growth opportunity to the consumer electron-
ics market offering the consumer convenience, enhanced user experience due
to the reduced size with higher efficiency.
Short-range wireless power technology is considerably established with
the upsurge on demand for domestic and industrial applications, mid- range
wireless power research has been gathering momentum in the last decade.
With the surged interest of short to mid range WPT, the necessity of an im-
plementation of an international standard has emerged. Today they are three
different standards which have been implemented in the market. Most widely
used is Qi standard introduced by Wireless Power Consortium (WPC) [27].
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The standard is used for up to 10W (5V, 2A) of power WPT charging using
115 to 300kHz frequency band. However Qi standard is not the only one on
the market. Power Matters Alliance (PMA) and Alliance for Wireless Power
(A4WP) also have their own standard and uses 87 to 357kHz and 6.78MHz
frequency band for power transmission respectively [28].
2.1.2 Wireless Power Transmission Techniques
WPT techniques can be classified into two main categories: radiative (far
field) and non-radiative (near field) techniques. The main difference between
the two is that the non-radiative techniques are coupling-based while the
radiative are radio frequency (RF)-based, as shown in Fig. 2.1 .
FIGURE 2.1: WPT techniques.
Fig. 2.1 also shows that both far- and near-field wireless power techniques
can be further divided into two independent sub-techniques. While using
far-field techniques, power can be transferred as an optical beam or as a radio
frequency wave. In a near-field range, power can be transmitted via electro-
magnetic induction or via a capacitive charge.
2.1.3 Non-radiative WPT
2.1.3.1 Inductive Coupling
Inductive wireless power transfer (IWPT) is a near-field technique, which is
based on electromagnetic field induction, as shown in Fig. 2.2. The electro-
magnetic field of the primary coil induces the electrical energy to the sec-
ondary coil. The received energy is then used to charge the device directly
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or to store the energy in the battery. The operating frequency of the induc-
tive WPT is typically measured in the 80-300kHz range. The secondary coil
is usually tuned at the transmitting frequency to enhance the transmission
distance, which is usually within 20cm. The quality factor of the coils is usu-
ally small because the transferred power attenuates quickly if the coils have
a high-quality factor [29, 30, 31]. High efficiency can be achieved at a short
distance, usually less than the coil’s diameter.
FIGURE 2.2: High-level diagram of inductive wireless power
transfer system.
Advantages and disadvantages
The main advantage of using IWPT for charging is that it eliminates the
use of bulky wires. Moreover, the IWPT offers a more convenient method of
charging without using wires [32]. IWPT is also easy to use one can simply
plug the charging pad into the power supply and attach the transmitter to the
device [33, 34]. However, nowadays, many of the new devices already have
an inbuilt wireless power (WP) receiver. In many cases, IWPT is considered
a safer alternative to conventional charging [33], as it allows the device to
be fully isolated from the outside environment [35]. With its increasing effi-
ciency, IWPT charging has gained popularity among costumers; however, its
overall efficiency is highly influenced by the misalignment between the two
coils and the distance between the two. Applications using IWPT include
mobile devices, cordless toothbrushes, medical implants, fitness bonds and
EV chargers.
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2.1.3.2 Capacitive Coupling
Capacitive wireless power transfer (CWPT) is an alternative technology that
has been highly researched in recent years due to its low-cost capacitive inter-
faces and simplicity [36]. Both IWPT and CWPT are prevalent methods that
function over a short range. However, IWPT has been most frequently used
to function at various power loads and several meter ranges while CWPT
uses electric field coupling, which is sustainable in kW level applications
and lower electromagnetic interference with its reduced size, making it a
highly feasible charging solution for battery-powered devices [37]. Based on
CWPT’s principle, both the transmitter and receiver are formed with a pair of
parallel conductive plates. A supply current charges the plates at the trans-
mitter’s end while the plates on the receiving end are charged with the oppo-
site polarity of the transmitter’s end. Thus, the voltage on the secondary side
is generated between the plates. However, existing CWPT applications have
the same limitations as regular capacitors where the coupling capacitance is
restricted by the available area, as is the air gap between the conductors [36].
Additionally, the medium between the plates also has a considerable effect
on the capacitance. The principle circuit is presented in Fig. 2.3.
FIGURE 2.3: Principal circuit diagram of capacitive wireless
power transfer system.
Advantages and Disadvantages
One of the main advantages of using CWPT over IWPT is that the losses
caused by eddy current are negligible [38]. In CWPT, an inductive coil is
not required to transmit power; therefore, the losses caused by eddy current
only appears on the wires connecting the inverter and charging plates. The
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operating frequency at which the power is transmitted between the transmit-
ter and receiver plates is considerably lower than the operating frequency
of an IWPT system [39]. Higher charging efficiencies can be achieved by
adding inductors that alter the operating frequency and duty cycle to ac-
commodate higher capacitance. Like every other commercial application,
CWPT-based applications are expected to facilitate higher power. Given the
fact that CWPT systems are made of metal and requires a larger coupling
area to facilitate high power, the system design of the cost of applications
is no exception. In a nutshell, unlike designing and assembling coils into a
product, manufacturing plates of any shape, which are made of a conductive
material, is cost efficient. CWPT systems are highly influenced by misalign-
ment [39] where the alignment variations may result in capacitance variants.
As the capacitor plates are also used to determine the oscillating frequency, a
compensation network with a feedback loop may be required to compensate
for the variation in capacitance caused by misalignment [38]. Applications of
CWPT include EV charging, low-power integrated circuits (IC), biomedical
devices, light emitting diode (LED) lights and mobile device chargers.
2.1.3.3 Magnetic Resonance Coupling
Magnetic resonance coupling transfers the electrical energy via electromag-
netic induction between the two resonant coils through an oscillating mag-
netic field. In contrast, two coils which resonate at the same frequency, are
strongly coupled and therefore a high efficiency of power transfer can be
achieved, unlike the IWPT system efficiency which is highly dependent on
the distance. Resonance phenomena only occur if the excitation frequency
and the natural frequency of the receiver frequency harmonise together, thus
the frequencies are usually in the range of megahertz [39, 40]. In fact, it is cru-
cial to choose the appropriate resonant frequency to match the size of the coil.
Furthermore, both coils oscillate at their maximum amplitude tunnelling the
maximum power at maximum efficiency. The quality factor (Q) of the pri-
mary and secondary coil, is habitually high enabling efficient energy transfer
at lower system’s coupling coefficient [41]. A magnetic resonance coupled
WPT (MRCWPT) can reach the distance of a few centimetres to 1 meter [41],
and could simply be up to ten times the diameter of the transmitter. MR-
CWPT also forms a user-friendly charging platform where multiple devices
could be charged simultaneously being in the vicinity by tuning multiple
coupled resonators of receiving coils [42]. Additionally, this also includes
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devices of variable sizes and power levels in parallel. AirFuel offers com-
mercial applications that operate at 6.78MHz. As shown in Fig. 2.4, the main
element of the MRCWPT system are coupling capacitors. The coupling ca-
pacitors tune the transmitters and the receivers LC circuit, to achieve maxi-
mum efficiency of the transmission. Precise tuning of the resonators is vital
to maintain constant high efficiency of the system upon air gap variations
and to mitigate the influence of frequency splitting [42]. This technique is
addressed as frequency tuning in literature and one of the techniques com-
monly employed in magnetic resonance based systems. Moreover, frequency
tuning is not necessarily limited to the frequency range within ISM band.
FIGURE 2.4: Circuit diagram of strongly coupled magnetic res-
onant WPT design with two resonant capacitors.
Advantages and Disadvantages:
Resonance approach is often contrasted with the induction phenomena
for range of features. Both the IWPT and MRCWPT systems are pretty straight-
forward to implement [43]. However, in contrast MRCWPT operates at the
high frequency end of the spectrum with enhanced efficiency [43] compared
to IWPT. Safety is a common concern of any newly emerged technology. Res-
onance approach offers safety feature than the conventional cable connection,
especially in industrial applications where the cables are exposed to various
risks [44]. Despite the convenience of using MRCWPT, the size of the sys-
tem is another important factor. High inductance of the coils, is required
to achieve high efficiency, and may increase the weight of the system as a
whole [45]. In order to achieve resonance between the transmitter and re-
ceiver, the capacitors included in the circuitry are simultaneously required to
be of low tolerance being able to compensate the variable mutual inductance
between the coils, the compensation circuit is required, to maintain optimum
efficiency during the transmission [46]. The main applications of MRIWPT
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includes household applications, medical implants and EV charging.
2.1.4 Radiative WPT
Radiative WPT is a far field wireless transmission technique which is used
for power transmission over larger distances such as dozens of kilometres.
Radiative approach uses electromagnetic (EM) waves which are at the high
frequency end of the spectrum, such as microwave, infra-red or X-ray. A
typical frequency band of radiative WPT is between 300MHz and 1000GHz.
The energy is radiated anisotropically, which simply defines that the energy
being transmitted towards one direction which is highly preferable for both
broadcasting purposes and also for the applications which require line of
sight (LoS), mitigating the power losses due to diffraction and atmospheric
absorption. Directive beam forming technique is used for power transmis-
sion purposes where the directional signal transmission or reception which
can be used in in both TX and RX, since it considerably helps to improve the
efficiency [47].
2.1.4.1 Microwaves
Microwave wireless power transfer (MWPT) is considered as the most effi-
cient far field technique which is capable of transmitting power over mul-
tiple km range, via microwave radiation. Initial microwave WPT was de-
ployed in 1858 at Raytheon. With considerably smaller wavelength, circuits
associated with the wave propagation such as microstrip lines, hollow wave-
guides coaxial lines, etc. could be scattered, therefore, the transmission dis-
tances can be larger [48]. MWPT system converts direct current (DC) in to
microwaves using a microwave generator, which are then passed through
a coax to the wave-guide adapter in order to isolate the wave generator to
avoid detuning the selected frequency [49]. Tuner and the directional coupler
are used to distinguish the waves as per the propagation directions which are
then transmitted directly from the transmitting antenna which are targeted
towards the receiver antenna. Upon the receipt of the signal it is then passed
through low pass filter (LPF) and received microwave power is converted
back into electrical energy. Monitoring is most commonly used to produce
microwaves due to the lesser costs and efficiently regardless of the two types
of microwave generators are available in the market, Klystron and Travel-
ling Wave Tube (TWT). Both Klystron and TWT are extremely costly, yet
TWT with limited power, making it not widely adopted for wireless power
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generation purposes. Even though 2.45GHz is practically proven to be the
highest efficient frequency with efficiency over 95% to be used in MWPT
[50] 5.8GHz, 8.5GHz, 10GHz and 35GHz are also used with reasonable ef-
ficiencies for MWPT. Moreover, MWPT efficiency strongly depends on the
microwave generator and the rectenna that is used to transmit the power
from the source to target.
FIGURE 2.5: Satellite placed in the Earth orbit collects the solar
power and transmitts it on the earth using microwaves [51].
Advantages and Disadvantages
The MWPT is used to transmit the energy on large distances. However,
to enable the transmission the transmitter must be in a clear line of sight
with the receiver [52]. The direction of the transmitter focus must be on the
receiver at any time of the transmission [52]. The main concern of using mi-
crowaves is safety, since the microwaves represents a serious treat to the hu-
man body [53]. The main applications of microwave WPT are the unmanned
ground vehicle (UGV), used for space missions, and solar power satellites
(SPS).
2.1.4.2 Laser
WPT using a laser beam (laser power beaming) is a technique, which is
highly researched due to the nature of the intended military applications and
space application which could be highly beneficial. Prior to the transmis-
sion, electrical current is converted into high density light and transferred
by pointing a light beam to a high efficiency photovoltaic cell, which act as
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a receiver. Upon the reception of the light, energy is converted back into
electricity. Laser energy transmission takes advantage of the atmospheric
transparency window in the visible or near infra-red frequency spectrum
[54]. Moreover, Laser WPT systems demonstrate 50% system efficiency.
Until recently, few actual experiments have been carried out using laser
beams for power transmission. Researchers in [55] demonstrated a laser
based ground to ground WPT. The ground-based laser transmits the power
to a ground-based vehicle. However, the future goal is to transmit the power
collected by satellites via laser beam to the UGV, as seen in Fig. 2.6.
FIGURE 2.6: Lunar rover powered by laser beam from satellite
[56].
Advantages and Limitations:
Similar to the microwaves, laser based WPT requires a LoS between the
transmitter and the receiver [55, 57]. The efficiency of the power transmission
is also typically low, which is between 40-50%. Light beams are highly influ-
enced by atmospheric absorption [57] and therefore, in some cases whole
transmitted power can be absorbed by the atmosphere before it reaches the
receiver [57]. The above phenomenon is also known as transmission atten-
uation where the power decreases, depending on the transmission distance
and air quality. The use of laser beam for power transmission can also cause
a serious damage to the humans. The laser can cause blindness, burns or
even kills. The main applications which uses laser WPT for its operations are
Satellites, UGVs and direct energy weapon (DEW).
2.1.5 Applications of WPT applications
WPT based applications are widely used in numerous industries.
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2.1.5.1 Industrial
Industrial application designers have just begun to see through the virtue of
using wireless power. Portable hand-held equipment and static industrial
applications in use, often operate in harsh environment. For instance, expo-
sure to stress, dirt, oil, acid and even the slight moisture may cause damage to
the conventional wires or power leads used to provide power and may also
reduce the number of the potential risks to the human factor [33]. Simulta-
neously having no additional maintenance costs with no tethered machinery
or corrosive plugs, customer service, speed and accuracy may get signifi-
cantly improved. Applications such as industrial robots with higher spe-
cial freedom often replace the human workforce in a hazardous environment
[58]. For the robots to operate, at intended maximum speed for a maximum
amount of time, charging pads have to be installed. The robot will have to
return to a nearest charging pad every time the low battery power is detected
in order to get recharged [58]. WPT charging pads simultaneously minimise
the human intervention with the robots and therefore it also reduces risk of
injury at work place. Factory environment is also a big market place for sen-
sors manufacturers, where every manufacturing site tends to monitor their
workplace environment and multiple different aspects. The sensors are usu-
ally placed in the hardly accessible areas such as rooftops, high temperature
ovens or the wall embedded fire monitoring sensors [59]. The WPT charging
is the most convenient solution to be implemented.
2.1.5.2 Automotive
With a maturing technology which has already widespread among multi-
ple industries starting with consumer electronics to EV, there are certain ad-
vancements in automotive market. For instance, apart from advance features
such as driver-less operation, the automotive industry is also shifting from
using fossil-fuel [60]. Number of hybrid and EV in use have been increased
and developed to minimise the carbon emission caused by the transporta-
tion [61]. However, EVs require additional battery as a power source [60]. As
a solution, battery manufacturers are investing their time in improving the
chemistry of the Lithium batteries, eliminating toxic metal having a lighter
structure. Hence the 74% of the EV battery prices drifted, which was consid-
ered as a costly option by the manufacturers. However, lighter battery will
also improve the overall system efficiency of the EV which will be lighter.
Portability and functionality of EVs has been improved by introduction of
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WPT charging into the automotive market [62]. A battery of an average EV,
may take between 4 to 8 hours, depending on its capacity and the speed of
the charging pad. The researchers in [63] have proposed an electric pow-
ered highway system, where vehicles receive electrical energy while being
driven. This will significantly increase the range of the vehicle without inter-
ruptions, saving both time and cost. Extensively discussed electric cars are
not the sole beneficiaries of WPT technology, smaller transportation vehicles
such as electric bikes, electric four wheelers, heavy vehicles and also electric
levitation trains are good examples of the WPT technology based applica-
tions used today.
2.1.5.3 Aerospace
The concept of placing SPS system in space was proposed in late 1970s [24].
More recently a new system was proposed by National Aeronautic and Space
Administration (NASA) proving that WPT functions flawlessly 1km above
the ground. NASA launched space solar power exploratory research and
technology (SERT) program to be combined with WPT for commercial mar-
kets. A solar satellite will be used to collect the energy from the Sun and
distribute the collected energy to the other receiving satellites which are sta-
tioned miles away or to the Earth via microwaves or laser beam [64]. Satel-
lites are not the only one which WPT was proposed as a possible charging
solution. Wireless sensor networks (WSN) are mainly powered by batteries
[65], which significantly limit the time that the network is awake. The limi-
tation with stored energy can be partially solved by harvesting energy [66],
which increases the working time. However, in order to maximize the time
that the WSN is awake, a WPT charging was proposed in [65, 67].
2.1.5.4 Consumer Electronics
Present day consumer electronics have a massive impact on both day to day
professional and personal lives. Especially portable electronic devices such
as mobile phones, laptops, smart watches, etc. have revolutionized the hu-
man life. However, it is also important to note that each portable device re-
quires a battery for its functionality. The use of a battery, has a significant neg-
ative impact on the environment [68]. The implementation of WPT charging
may not only reduce the size of the required battery but in some cases may
also eliminate the batteries completely. Although both the capacitive and
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inductive techniques can be used to charge the devices, the capacitive charg-
ing require relatively large charging area [69], or an extremely high charg-
ing frequency [69, 70]. Alternatively IWPT technique is extensively used for
charging electric toothbrushes [71], charging pads for mobile phones [72] and
sensors [73]. IWPT can also be implemented to charge even higher power
electronics, such as TV [74], projectors [75] and heaters [76].
2.1.5.5 Medicine
Implementation of WPT into medical devices have grown rapidly over the
last decade. The applications, such as battery-less wireless gastric implants
[77], medical endoscopes [78] and gastrointestinal robots [79], can benefit
from the advantages of implementing the WPT technology instead of con-
ventional wires. Applications using WPT offers safer and cost effective al-
ternative solutions while increasing mobility and utmost customer satisfac-
tion [80]. Micro-electromechanical system (MEMS) plays an important role
in medicine industry where MEMS are used for measuring pressure gradi-
ent across the heart valves in order to prevent heart diseases [80]. However,
there are key challenges such as wireless signal attenuation and negative im-
pact on surrounding tissue, which have significantly hindered the research.
It is highlighted that wirelessly powered medical applications would also
communicate data to the monitoring system for diagnosis, facilitating acces-
sibility and personalised treatments [81].
2.1.5.6 Naval
Underwater vehicles and robots are often used in a various applications,
varying from monitoring to mine detection [82, 83]. The vast majority of
those applications are battery powered hence regular recharging or charging
facility in the vicinity would be highly beneficial due to numerous facts. With
the conventional approach, charging via a plug in cable, vehicle or robot have
to be evacuated from the water during the recharging period, which might
also interrupt the research work or data which is to be gathered. The robot
is prevented from working and is out of order for a whole charging pro-
cess. In order to reduce standby time due recharging period, the researcher
in [84] and [85], proposed underwater WPT charging method as it would al-
low the robot to be used while being charged. However, as researchers in
[86] pointed out, that the efficiency of underwater charging such as seawater,
drops significantly if the WPT operates on a frequency above 20kHz.
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2.1.6 WPT Standards and Regulations
2.1.6.1 Qi Charging Standards
Qi is an open wireless charging standard founded by Wireless Power Con-
sortium (WPC), built cooperatively by a collaboration of the world’s largest
manufacturers from a wide range of industries [26]. 8 leading companies at-
tended the WPC inaugural meeting in December 2008 and the current mem-
ber pool is 634 companies with 2565 electronic products. The initial Qi spec-
ification was published in mid-2010. Company mission, Qi being the most
widely adopted global standard to build a future with no cables, WPC is
constantly liaising with standard bodies and government agencies, helping
to understand the potential of the wireless power phenomenon.
Its aim is to specify simple, efficient and safer WPT and data communi-
cation between a Qi charger and an array of charging device. It also offers
the compatibility and flexibility between products manufactured by multi-
ple manufacturers by entirely not having the customised wireless charging
pads to be designed. Qi is a blend of both induction and resonance technolo-
gies, hence chargers’ compliance with Qi standard is able to regulate trans-
mitted power accordingly to the demands of the charging device. Based on
power requirement, Qi standard can be divided into two sections, low power
and medium power. Furthermore, Qi for low power supports up to 5W of
power to be transmitted on a frequency, ranging from 110 to 205kHz, while
Qi for medium power supporting fast charging with 120W on a frequency
that ranges from 80- 300kHz [87]. The frequency band is mutually used
for both power transfer and data communication between the charger and
charged device. The communication protocol is the key to interoperability,
which defines the functions that enhances the efficiency of the system. For
instance, the standard defines the functions that detects the presence of an
object placed on the charging pad and if it is a Qi compliant object, control of
the power output when its idle and finish charging when the device is fully
charged. Qi standard also provides guidelines for three potential approaches
to achieve alignment, the guided positioning is to be achieved via magnetic
attraction, free positioning by moving coil and free positioning by coil arrow.
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FIGURE 2.7: The diagram of Qi WPT charging system.
Guided Positioning by Magnetic Attraction
The charging pad consists of a single transmitting coil which is in a fixed
position inside the charger. Furthermore, the charger and the devices consist
of magnetic core with opposite poles. Once a device is placed on the charging
pad, the magnetic core placed inside the transmitter and receiver forms a
magnetic force. The formed magnetic force attracts the charged device on
the fixed position right above the transmitting coil, where the flux density is
maximum, and the charging is maximised.
Free Positioning by Moving Coil
The charging pad consists of a mechanically movable charging coil which
is simple yet cost effective. The coil can determine the object’s position, mov-
ing on X and Y axis. Chargers with above dynamics, has been implemented
by using a motor mechanism, which moves the coil and monitor the feed-
back from the receiver. In a nutshell primary coil is able to tune the position
to either via inductive or capacitive coupling. However, a system with me-
chanical components is less reliable and durable and prone to malfunction.
Free Positioning by Coil Arrow
The charging pad is capable of charging multiple devices simultaneously
regardless of their position. In this scenario charger pad consists of multiple
charging coils and the WPT will be taken place regardless of the orientation
of the secondary coil. When the device is placed on the charging pad, the
charger begins to send a power to the receiver coil while monitoring the feed-
back from the receiver. After the power transmitted by each coil is measured,
the coil with the maximum efficiency will begin to charge the device. In con-
trast Free positioning is more user friendly, but costly due to the complex
winding structure with advance control elements [88].
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2.1.6.2 Rezence Charging Standards
Rezence WPT standard was introduced in 2012 by Alliance for Wireless Power
(A4WP), which was later renamed to Air-Fuel Alliance due to merge with
Power Matters Alliance. The standard proposes magnetic resonance cou-
pling via large electromagnetic field. The devices can be placed up to sev-
eral meters away from a charger without alignment restrictions. The system
consists power transmitting unit (PTU) and power receiving unit (PRU) as
shown in Fig. 2.8, where the power transmission is controlled by charging
management protocol. Rezance standard transmits the power on 6.78MHz
band also called Industrial Scientific Medical (ISM), while the communica-
tion signal is transmitted on the 2.4GHz frequency band. The protocol for
communication between transmitter and receiver is also specified by the stan-
dard, which is realised by Bluetooth Low Energy (BLE) link.
FIGURE 2.8: The diagram of Rezance WPT charging system.
The PTU unit consist of three units, LC resonator with matching circuit,
inverter and control circuit. PRU unit consists of a control circuit and a power
conversion circuit. The transmitter unit, initially detects the device by con-
stantly sending advertisement and wait on respond. The receiver responds
by sending connection request to the transmitter. After the connection re-
quest is received the PTU unit stops sending advertisements signal and the
two units exchange their static and dynamic parameters. After the informa-
tion exchange the PTU unit starts to transmit the power to the receiver. The
receiver constantly update the PTU with its dynamic parameters in order to
enable PTU unit to adjust power transfer based on demands.
2.1.7 Health and Safety Regulations
In order to protect humans against harmful effect of electromagnetic radia-
tion the maximum allowed values of exposure are described in IEEE Stan-
dard for safety levels with respect to human exposure to radio frequency
electromagnetic field, 3kHz to 300GHz [89]. The standard was introduced by
IEEE International Committee on Electromagnetic Safety, and approved by
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IEEE-SA Standards board in 2005. Its purpose is to protect and prevent the
permanent damage caused by exposure to the RF electric, magnetic and elec-
tromagnetic fields over the frequency range of 3kHz to 300GHz. An average
exposure power (AEP) can be calculated as:
AEP =
1
t2 − t1
∫ t2
t1
P(t)dt (2.1)
where P(t) is instantaneous power, t1 and t2 represents the starting and
ending time of exposure respectively. The AEP is calculated in watt (W).
Plane wave power density (S) is a commonly used term in electromag-
netic wave radiation. Power density of the electromagnetic field can be cal-
culated as:
S =
|E|2
η
= η|H|2 (2.2)
where E and H are the root means square (rms) of the electric and elec-
tromagnetic field respectively, η represents the wave impedance (η = 377 in
free space).
Specific absorption (SA) represents the quotient of the increment energy
(4W) absorbed by and incremental mass (4m) contained in a volume (4V)
of a given density (ρ).
SA =
4W
4m =
4W
4ρ4V (2.3)
SA is calculated in watt per kilogram (W/kg).
The MPE exposure level can be divided into two sections. To the MPE
level in the controlled environment, such as industrial and hospitals where
emergency services and monitoring is well established and the time of the
exposure is limited. The limits for this environment are higher, and can be
seen in Fig. 2.9. MPE limits for living environment, where the humans are
daily exposed are presented in Fig. 2.10. These limits represents a maximum
allowed limits to which humans can be exposed in in-home or nature envi-
ronment. All consumer electronics and kitchen appliances must be compliant
with the limits, and tested before sold in the market.
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FIGURE 2.9: MPE limits in controlled environment where usual
exposure time is relatively short [89].
FIGURE 2.10: Daily MPE exposure limits, for the living envi-
ronment [89].
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2.2 Inductive Wireless Power Transmission
Energy transfer through electromagnetic induction is simply known as in-
ductive wireless power transfer.
2.2.1 Principle of IWPT
Fundamental speculations of WPT are disciplined by Faraday Law and Am-
pere’s Law. Fig. 2.11 exhibits the basic overview of the WPT phenomenon
where the current (I) which flows through the conductor, generates a mag-
netic field (H) surrounding the conductor as per Ampere’s Law. The sec-
ondary conductor and the primary conductor are linked by the magnetic
field that is created, inducing a voltage (V), as briefed by Faraday’s Law. In
a nutshell, Ampere’s Law defines the current which flows through the coil,
is equivalent to the line integral of the magnetic field intensity around the
closed loop:
∮ −→
H .
−→
dl = I (2.4)
The voltage induced in the secondary coil can be explained by the Fara-
day Law as:
V = −N2 dΦdt (2.5)
N2 and Φ indicate the number of turns of the secondary coil and the electric
flux, respectively. The negative voltage induced in the secondary coil can
be expressed by Lenz Law, which states that the induced electromagnetic
force in the primary coil opposes the direction that the resulted current in
secondary coil flows. An induced electromagnetic force (EMF) always gives
rise to a current whose H opposes the change in original magnetic flux.
FIGURE 2.11: WPT fundamentals.
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2.2.2 Magnetic Resonance and Quality Factor
Resonance is a major role in a strongly coupled WPT. To enable a good link
between the transmitter and receiver, the frequency of the two have to be
close match. The more precise the tuning, the lower is the coupling factor
at which the system reaches it maximum efficiency. In Fig. 2.12 the series
connected LC circuits is presented with parasitic resistance R. The resonance
of the circuit occurs when the energy stored in the capacitor is transferred to
the inductor and vice versa. The frequency of the oscillation can be calculated
as
f0 =
ω0
2pi
(2.6)
where ω0 is the angular frequency and can be expressed as
ω0 =
1√
LC
(2.7)
FIGURE 2.12: Series connected LC circuit with parasitic resis-
tance R.
The quality factor (Q) is determined by a quality of the components used
in the circuit. When the current oscillates between the capacitor and inductor
the Q determines how much energy dissipates during the oscillation. The Q
can be mathematically expressed as
Q =
2pi(maximum energy stored during single cycle)
Energy dissipated during single cycle
(2.8)
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Therefore, for the RLC circuit the Q can be written as
Q =
√
L
C
1
R
=
ω0L
R
(2.9)
which indicates that the Q increases with the decrease of resistance R and
vice versa.
2.2.3 Coupling Factor and Mutual Inductance
The coupling factor (k) determines the amount of flux, generated by the
transmitter, reaching the receiver coil, as shown in Fig. 2.13. The greater the
amount of flux reaching the receiver, the greater the k is, which is in range be-
tween 0 and 1. It is important to note that the k is strongly determined by the
distance between the loops and the inductance of the inductors. Therefore
the k can be calculated as
k =
M12√
L1L2
(2.10)
where M12 is the mutual inductance between the two coils and L1 and L2
are the inductances of the transmitter and the receiver coils. The mutual
inductance between the two coils can be expressed as
M12 =
N2φ12
I1
(2.11)
where N2 is the amount of windings of the secondary loop, φ12 is the electri-
cal flux passing from primary coil to secondary coil and the I1 is the current
of primary coil. Self inductances of the coil L1 and L2 can be calculated as
Lx = µ0µrN2x
A
l
(2.12)
where A is a cross section area enclosed by the inductor in square meters (m2)
and l represents the length of the coil in metres.
FIGURE 2.13: Coupling factor between the two coils.
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2.2.4 Wireless Power Transfer Efficiency Calculation based
on Two-Port Network
The WPT circuit can be analysed based on two-port network theory as shown
in Fig. 2.14. The network can be characterized by a various circuit parame-
ters, such as transfer matrix, impedance matrix or scattering matrix [90].
FIGURE 2.14: Two port network with power supply and load
connected.
Therefore, the two-port network in Fig. 2.14 can be written as a transfer
matrix as [
V1
I1
]
=
[
A B
C D
] [
V2
I2
]
(2.13)
where I1 and I2 are the input and the output currents and the V1 and V2
are the input and output voltages. The same circuit can be written as the
impedance matrix as [
V1
V2
]
=
[
Z11 Z12
Z21 Z22
] [
I1
−I2
]
(2.14)
The transfer and impedance matrices are widely used for the electronic
circuit analysis however, at the higher frequencies the measurements of the
coefficients become difficult. In order to overcome the issue the scattering
matrix is preferred. The scattering matrix of the system presented in Fig. 2.14
can be written as [
s−1
s−2
]
=
[
S11 S12
S21 S22
] [
s+1
s+2
]
(2.15)
where ingoing waves are presented by s+1 and s+2 and the outgoing waves
of the network are represented as s−1 and s−2.
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Based on the scattering matrix the expressions for the currents and the
voltages in terms of wave variables can be represented as
V1 =
√
Z0(s+1 + s−1) V2 =
√
Z0(s+2 + s−2)
I1 = 1√Z0 (s+1 + s−1) I2 =
1√
Z0
(s+2 + s−2)
(2.16)
where Z0 is the reference impedance value (usually 50Ω). The voltages V1
and V2 can also be expressed based on impedances and current as
V1 = ZIN I1
V2 = ZL I2
(2.17)
where ZIN and ZL are the input and load impedances. By combining (2.16)
and (2.17) the scattering matrix equations are given
s−1 = ΓIN I+1
s−2 = ΓL I+2
(2.18)
ΓIN and ΓL are the reflection coefficients given by
ΓIN =
ZIN − Z0
ZIN + Z0
ΓL =
ZL − Z0
ZL + Z0
(2.19)
A load (ΓOUT), generator (ΓG) and the deflection coefficient in terms of
scattering matrix parameters can be written as
ΓIN =
ZOUT − Z0
ZOUT + Z0
ΓL =
ZG − Z0
ZG + Z0
ΓIN = S11 +
S12S21ΓL
1− S22ΓL
(2.20)
where the ZOUT is the output impedance. The reflection coefficient also de-
pends on scattering parameters as
ΓOUT = s22 +
s12s21ΓG
1− s11ΓG (2.21)
The efficiency of the system can be calculated based on the input and
output power. Based on Fig. 2.14 and [91], the input power of the system can
be expressed as
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PIN =
1
2
|VG|2RIN
|ZIN + ZG|2 (2.22)
where the RIN is a real part of input impedance (ZIN). The output power
on the load can be calculated as
PL =
1
2
|VG|2RL|Z21|2
|(Z11 + ZG)ZOUT + ZL|2 (2.23)
where RL is a real part of ZL component.
Based on [91], the maximum output power will appear on the load when
the input impedance is equal to the impedance of the power generator (ZIN =
ZG), and the load impedance is the same value as output impedance (ZL =
ZOUT). The efficiency of the circuit in terms of S-parameters can be expressed
based on [91] as
η1 =
(1− |ΓG|2)|s21|2(1− |ΓL|2)
|(1− s11ΓG)(1− s22ΓL)− s12s21ΓGΓL|2 (2.24)
In case when the generator and the load impedance are matched with the
reference impedance (2.20) can be simplified as ΓL = ΓG = 0, ΓIN = s11 and
ΓOUT = s22. Therefore (2.24) can be simplified as
η1 = |s21|2 (2.25)
2.2.5 Matching Circuits
The transfer efficiency of the WPT circuit is highly affected by the coupling
coefficient, quality factor, frequency and load parameters. In order to over-
come the efficiency drop and keep the efficiency on the maximum level, the
matching circuits are used [92, 93].
To achieve maximum transfer efficiency, the optimum load value have to
be used [94, 95]. However, in a real world application the load value does
not always match the optimum value as design. In order to overcome the
mismatch between the optimal load and real load, the impedance matching
circuits are used [94]. There are many topologies used for impedance match-
ing network which can achieve constant voltage output [95] and a numerous
approach, such as LCL-T circuit proposed in [96], or LLC approach used by
authors in [92].
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2.2.6 Coil Losses
The winding resistance in the inductive coil plays an important factor when
determining the efficiency of the transmission. The resistance of the coil is
calculated based on the conductor material resistivity ρ, length (l) and cross
section area (A) of the conductor as:
RDC =
ρl
A
(2.26)
.
The resistance is based on the constant DC current through the conduc-
tor therefore, the magnetic field inside the conductor is constant and static.
Most widely used material for the electric conductors is copper, which has
φ = 1.68 ∗ 10−8Ωm. However, for the WPT applications the operational fre-
quencies are usually high therefore, conductors carry a time varying current.
Alternating current cause a change in the intensity of the current in the in-
ductor. This cause a alternating magnetic field to be established around the
conductor. The same alternating magnetic field create an electric field which
oppose the change of current intensity, called counter-electromotive force.
The current experiences own magnetic field and the field induced by other
conductors, which cause Eddy current to be induced in to the windings. The
current oppose the penetration of the conductors by producing own mag-
netic field and this cause an ohmic losses, due to conversion of electromag-
netic energy in heat. Eddy current cause two kind of effects, skin effect and
proximity effect.
2.2.6.1 Skin Effect
Regardless of the electromagnetic force, the greatest current density in the
inductor is found on the conductor surface and it reduces deeper into the
conductor. The decline in current density inside the conductor is called skin
effect. In a high frequency condition, majority of the current will flow on the
conductors skin therefore, the skin depth is the depth at which the current
density falls to 1/e of the surface value. The e represents a mathematical
constant based on natural logarithm, and its approximate value is equal to
2.71828. The skin depth can be calculated as
δ =
√
ρ
piµrµ0 f
(2.27)
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where µr is relative permeability of the conductive material and µ0 is the
relative permeability of free space. Letter f represent the frequency of the
current. For copper wire the µr value is very close to µ0 of a free space, which
is 4pi10−7Hm−1.
The resistance of the round conductor based on the operating frequency
can be calculated based on [97] as
RAC =
ρl
piδ(1−erδ )2r− δ(1−e
r
δ )
(2.28)
where r is the radius of the conductor.
2.2.6.2 Proximity Effect
When the current is flowing through more than one conductor in a close
proximity, such as inductor or a transformer winding, the magnetic field
around the wire influence the distribution of the current inside the conductor.
The current will concentrate to flow through the smaller regions in the con-
ductor and therefore increase the effective resistance of the conductor. The
crowding of the current will increase with the increasing frequency of the
current. The losses in the conductor due to proximity effect can be calculated
based on Dowell method [98] as
RAC = RDC
(
Re(M) +
(m2 − 1)Re(D)
3
)
(2.29)
where RDC is the resistance of the coil in a direct current condition, m repre-
sents number of layers of the coil and M and D can be expressed as
M = αh coth(αh) (2.30)
D = 2αh tanh(
αh
2
) (2.31)
where h is a height of a square conductor
α =
√
jωµ0η
ρ
(2.32)
ω represents an angular frequency and ρ can be mathematically expressed as
ρ = Nl
a
b
(2.33)
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where Nl is a number of turns, a is a width of a square conductor and b is a
width of a winding area.
2.3 EV Charging
Even though it is hard to pinpoint the EV invention to one inventor, after
a series of breakthroughs world’s first EV was introduced in early 19th cen-
tury [99]. However, with relatively low oil prices EV had rather little ad-
vancement. It was until the second half of the 20th century as the oil prices
continue to rise, when EVs went into mass production. By the end of 2018
roughly 3.3 million EVs are on the UK roads, with a wide range choice avail-
able. Nevertheless, today EVs are already playing a crucial role in day to
day transportation, decreasing the foreign oil dependence by approximately
30-60%.
The rapid popularity of EVs has been caused by a wide variety of prin-
ciples, such as vehicle sizes and current battery technologies, that satisfy a
distinct consumer pool. Whereas the EVs are to replace the vehicles with
internal combustion engine (ICE), battery pack endurance and the costs as-
sociated governs the success of EVs. Furthermore, if the size is increased, bat-
teries will simply get heavier, negatively affecting both the travel economics
and driving range. The driving range of an EV is primarily determined by
the battery power and energy capacity [100]. A standard battery pack in the
EV, is able to store 35kWh of electrical energy. However, with a standard
AC grid of 220-380V/15A, a battery pack can be fully charged within 6 to 8
hours. In a nutshell, a single car charger can fully charge up to 3 cars within
a day.
Car manufacturers often measure the driving range under the best condi-
tions. According to reports, the real world travelling distance may be lesser
than 30–37% of the distance specified by manufacturers [101]. For instance,
extra electrical loads such as headlights, wipers, heating, cooling, outside
temperature and physical geography would reduce the driving range further
[102]. Super-fast charging is one other aspect which is highly looked over by
the battery users [103]. Atmospheric temperature is a crucial factor for bat-
tery charging duration. For instance, Li-Ion batteries cannot be charged at or
below 0oC where most novel EV battery packs may include a heating blan-
ket. Nevertheless, fast charging technologies are available and only to be
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used sparingly where fast charging over-stresses the battery while enhanc-
ing the level of dendrite growth which arbitrates the safety aspect. The basic
schematic diagram of the EV can be seen in Fig. 2.15.
FIGURE 2.15: Schematic diagram of EV system.
There are many EV chargers already on the market, from plug-in chargers
[104] to the on-board chargers [105]. The output power of chargers installed
at homes, varies from 2.5kW to 7kW, while the chargers at public locations
have much higher power from 25kW to 135kW [104]. It is also important that
the charging standards from different bodies and charging technologies from
a range of manufacturers, are being merged. Two major charging terminolo-
gies, ‘level′ and ‘mode′ are being widely used. While ‘‘level′ is mostly being
used by a manufacturer in North America [106, 107], both ‘level′ and ‘mode′
are being used by European manufacturers. Moreover, ‘mode′, consists of
four different power levels of charging and the level is an aggregation of 3
charging stages. Level-1 and Level-2 chargers are deployed in residential fa-
cilities and household appliances, while Level-3 chargers are being used at
commercial charging stations [108]. Additionally, wireless car chargers can
be a potential alternative to plug-in car chargers where wireless based car
chargers are able to operate on the 2-coil design principle [109] at different
power levels, ranging from 360W [110] to hundreds of kilowatts. In con-
trast, plug in charging can be catered while the vehicle being parked (static
charging) and WPT charging is a dynamic alternative, where the EV can
get charged while moving (dynamic charging) [111]. Volume of WPT EVs
charger manufacturers is rising, offering static charging solutions, neverthe-
less, a practical, dynamic version of charging is yet to be developed [112].
While battery manufacturers are in an arms race to develop the best bat-
tery cells, both the consumers and the car manufacturers wait for the most
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sophisticated WPT car charging system. WPT phenomena have many advan-
tages over wired charging, which offers convenience and simplicity where
EVs charging will become a splash and dash event where the vehicle can
be charged at the garage door with neither lifting a finger nor wires. It
enhances the user experience to the next level by enabling the characteris-
tics of the charging process to be controlled via a smart phone or computer.
With the introduction of autonomous charging, human management will be
further minimised improving both the safety and reliability aspects of the
charger. EV WPT charging pads require minimum installation space area,
hence charging facilities can be installed in the parking surface. All key ben-
efits of the wireless charging can be seen in Fig. 2.16.
FIGURE 2.16: Benefits of wireless charging.
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2.3.1 Advantages and Disadvantages of EV
Advantages:
FIGURE 2.17: Advantages of EV in comparison to the other ve-
hicles.
EVs offer many advantages over conventional ICEs, the full list of advan-
tages can be seen in Fig. 2.17. The most notable among them are:
1. Low energy consumption: EVs do not require fossil fuel during the
operation, but solely operate on battery power. Nevertheless, they in-
stantly switch over to gasoline if the battery is running low. Most of
the ICEVS convert only 20% of the energy provided by the fuel to the
energy used for moving while the remainder dissipates mostly as heat.
EV converts up to 86% of the energy stored in the battery which is used
solely during the operation of the vehicle [113].
2. Environment friendly: Tail-pipe emissions along with the hazardous
gas emission associated with ICEVs, contribute to the emission of sig-
nificant percentage of greenhouse gases. EVs in 2015 have exhibited a
promising future by reducing greenhouse gas emissions compared to
the ICEVs during the vehicle’s lifespan, which is also makes an impact
on human health [114].
Global warming potential (GWP) for a sample EV model produces ap-
proximately 105,054 pounds of green gas emissions over the full vehicle
lifespan, whereas equivalent ICEV emits over 136,521 pounds. In a nut-
shell 23% potential advantage for the BEV. EV significantly minimises
the ecological impact on the environment due to the vehicles where EVs
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produce zero tail-pipe emission where the functionally entirely rely on
the grids, power plants or batteries [115].
3. Cost-Effectiveness: In contrast electricity costs associated with the EV
over the mileage is significantly lower than the fuel costs required ICEV
over the same distance. EV also require limited maintenance simulta-
neously minimising the maintenance costs compared to the owning a
ICEV. They consist of simple battery-electric motor systems compared
to the costly engines of ICEVs where with the evolving EV technology
current generations EV lithium-ion battery pack has decreased.
4. Noise: Electrical motors used for moving the vehicles are significantly
quieter and require fewer maintenance than the ICEs. Frequency con-
tent of the EV noise indicates potential peaks at higher frequencies
which can also be heard as a single tone.
Many researches have been conducted to justify the noise emission be-
tween EV and ICEV. Moreover, EVs tyres are generally low rolling resis-
tance in order to drive longer distances with the charged battery where
being the most essential requirement for the noise reduction. Even
though at lower speed, both the ICEV and EV exhibits considerable
noise difference while higher levels indicate the contrary where tire and
road noise gets dominant. In a nutshell noise caused by the traffic jams,
parking zones and also streets can be decreased by introducing EV’s in
urban areas while at high speed EV would not a difference.
5. Recyclable: Almost 100% of the EV and the batteries are fully recy-
clable therefore, all materials used for the EVs can be reused multiple
times. Moreover, battery recycling and re-fabrication has made an ex-
tensive impact on the enhance demand for both battery materials and
the environment. With the expeditiously increasing volume of EV cus-
tomer base, EV batteries are recycled after reaching the peak life time,
by 4R Energy Co, which is a joint venture between Nissan and Sumit-
omo [116]. Recycled Li-Ion batteries are to be used in 1st Gen - Nissan
Leaf and to be sold at half of the price of a new EV battery. EV manu-
factures are discovering multiple roots to manufacture EV at minimum
cost.
Disadvantages:
Like every other technology despite the generic advantages, variants of
disadvantages in Li-Ion batteries can be listed. Currently available battery
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performance of Li-Ion batteries, is not adequate to be extensively used where
extensive research efforts are required in improving power density, safety,
durability, and cost.
1. Weight: In contrast with a fossil fuel, the weight of the battery does not
reduce with the depletion. Therefore, the EV have to carry same weight
for a full length of the travel which leads to higher energy consumption
of the EV.
2. Longer Charging Time: In contrast to EV charging time is significantly
higher than the time required to fill up the gasoline powered vehicles
which is maximum 5-6 minutes. EV car charging stations are still at
their development stage and charging one vehicle requires a dedicated
station for 5-6 hours hence only few EV can be charged per each day.
3. Durability: Researchers are making efforts to increase the battery life
time with enhanced durability. For deep cycles minimum of 5 years
per 100,000km. However, increased cycles swiftly decrease the battery
capacity while the power is affected by the cold weather.
4. Environmental Affect: Even though the environmental impact of gaso-
line is pinpointed and weighted over Li-Ion battery, surprisingly the
battery manufacturing process generates more severe set of environ-
mental impacts offsetting overall advantages discussed. For instance,
even though the greenhouse gas emission is minimised, consequences
due to metal mines and battery recycling process. In particularly, un-
derprivileged communities located near the mines are affected due to
both the manufacturing waste and the recycling waste
5. Safety: Li-Ion batteries are highly vulnerable to short-circuiting and
overcharging which are the major drawbacks. The chemical structure
between the anode and the cathode of the Li-ion battery, is destroyed.
Hence the short circuit is caused by the Li-metal deposits which may
also potentially lead to fire. In contrast other battery types such as
Pb-acid or Ni-Cd batteries, are more risk free after short-circuiting and
overcharging due to their low energy capacity and inflammable elec-
trolyte materials which are used. Potential battery short circuits may be
accelerated with the increased temperature, causing damage to neigh-
bouring devices.
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2.3.2 Battery Types
Due to both the escalating environmental concerns and the limited fossil
fuel resources, various renewable energy sources are being developed and
researched by the automotive industry without imminent economic and so-
cial disruptions. Among all the potential alternative solutions, batteries have
been the most prominent option to replace petroleum due to zero greenhouse
emission. Moreover, battery is the most significant component in an EV, thus
the only apparatus which is able to store energy which powers up the EV.
After being charged, electrical energy is converted in to chemical energy and
then back to electrical energy which powers the motors.
With the number of highly commercially successful EV models such as
Tesla Model S, Nissan Leaf or affordable Renault Zoe, industry has made
great investment in developing more enhanced on-board battery systems.
However, there are several types of battery systems available:
1. Lead-Acid
Both Pb-acid and Nickel metal hydride (NiMH) batteries are conven-
tional battery technologies that were highly used in early EV models
such as General Motor’s EV1. Lead-Acid batteries, as seen in Fig. 2.18,
are widely used in a motorbike applications due its proven manufactur-
ing technique and reliability. Nevertheless, with respect to being used
in EV, both techniques are obsolete even though they are rather inex-
pensive due to their larger weight. Pb-Acid batteries are typically seen
in ICEV where they are an inexpensive source of energy with limited
34Wh/Kg.
FIGURE 2.18: Lead-Acid battery used in a motorbike ap-
plication.
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2. Nickel Metal Hydride:
In contrast NiMH batteries are superior with twice the energy of a Pb-
Acid battery. NiMH batteries are used in EV since they are significantly
lighter, smaller with greater energy density. With regards to EV, NiMH
are highly suitable with 69.4Wh/kg , which is prominently being used
in many hybrid vehicles, such as Toyota Prius and Honda Civic hybrid.
Moreover, they require minimum space which will allow the battery
system to be contained within a smaller space. Even though, NiMH
batteries may have some limitations, such as having lower charging ef-
ficiencies and being directly proportional to temperature. Thus, they
self-discharge up to 12.5% per day under room temperature and the
rate aggravates with the accelerated temperature which makes NiMH
batteries unseemly for EV in warmer temperature. These batteries are
also fully recyclable in contrast to Nickel-Cadmium batteries which
are hazardous to the environment. Nickel-Cadmium battery shown in
Fig. 2.19 was used in a hand tools applications.
FIGURE 2.19: Nickel-Cadmium battery used in a battery
powered hand-drill.
3. Solid State:
EV are widely powered by “wet” lithium-ion batteries which is es-
sentially the larger version of the common phone batteries. However,
growing research interests on solid-state batteries have significantly in-
creased where the cells are made of solid conductive material with no
liquid electrolytes for the next generation EV. Initial Solid-state research
programme was begun at the University of Colorado Boulder.
In contrast Li-Ion batteries may generate heat during liquid electrolytes
motions which may lead to a quick fire under right circumstances while
a solid-state cell can be both quickly charged and discharged safely
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with the excluded volatile and corrosive electrolyte. In a nutshell an
EV can be quickly charged with two to three times high energy over
Li-Ion. It is also a highly simplified cell design which does not require
much room to be stored without cooling pack, allowing more cells to be
included in one car battery unit. Nevertheless, limitations such as tem-
perature range and electrode current density are yet to be overcome.
Automotive and battery manufactures are ambitious to scale up the
manufacturability and full product qualification to be installed in new
EV by 2019 driving the costs further down, completely displacing the
Li-Ion cells.
4. Lithium-Ion:
Lithium is the lightest of all metals with greatest electrochemical po-
tential that provides the largest energy density for weight. First non-
rechargeable lithium batteries were commercially available in the early
1970. Lithium-Ion battery used in a portable computer in presented in
Fig. 2.20.
Lithium-Ion batteries are preferred to be installed in EVs due to their
superiority in high energy density. Compared to other types of bat-
teries, they are also less costly, less safe and degrades over time with
higher energy densities than both lead-acid and nickel-metal hydride
batteries. In a nutshell they are not suitable to be used in a EV that is
being used daily where the car would not be able to travel far as it was
brand new.
As a solution, latest Nissan LEAF has introduced a breakthrough bat-
tery which uses material that can store a higher density of lithium-ion,
which enhances the driver range. Both higher reliability and energy
density have been achieved through the novel laminated cell structure
and Lithium - Nickel Cobalt Manganese Oxide (NMC) [117] electrodes.
Laminated cell design offers more space that enhances both the dura-
bility and higher cooling performance over the conventional cells. Ad-
vanced NMC material enhances the capacity of high density Li-Ion stor-
age offering an eight years warranty.
One of the other main drawback is that they should be charged in early
stages to increase their life-cycle [118]. It is also important to note
that the Li-Ion batteries should never be depleted bellow their mini-
mum voltage, in that event their lifespan is also shortened drastically
[119]. However, Tesla battery packs have caught fire in accidents in few
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instances escalating the safety concerns, hence even a dubious claim
about solid-state cell may generate huge buzz. Despite all the disadvan-
tages Li-Ion requires minimal maintenance which most batteries cannot
claim with low self-discharge and lesser harm due to the disposal.
FIGURE 2.20: Li-Ion battery used in a laptop.
The various battery types and their energy densities have been compared
in Table 2.1
Type Lead-Acid Nickel-metal Lithium-Ion
Cell Voltage 2.1 1.2 3.6
Stored Energy (Whkg ) 30-40 50-80 150-250
Efficiency (%) 70-92 66 98
TABLE 2.1: Comparison of battery types
2.3.3 Inductive EV Charging
Fig. 2.21 exhibits the fundamental concept of WPT car charger phenomena.
Transmitter end consists of an AC-DC converter, which converts AC mains
voltage in to DC voltage. The voltage is then passed through the DC-DC
boost converter, which enhances the voltage to a higher level. High fre-
quency (HF) inverter then inverts the DC voltage into an HF-AC voltage
which is suitable for the transmission.
HF rectifier located at the Receiver end converts the received HF-AC volt-
age into DC voltage. DC-DC converter converts the DC voltage into the
lower level DC voltage, which more closely matches charging battery.
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FIGURE 2.21: WPT battery charger.
2.3.3.1 AC/DC
AC-DC power converter converts the AC voltage into DC voltage. Alterna-
tively, full wave bridge rectifier is then used as the EV charger converter. A
full bridge rectifier consists of four diodes and the voltages across the resis-
tive load can be expressed as
v0(ωt) =
Vmsinωt f or 0 ≤ ωt ≤ pi−Vmsinωt f or pi ≤ ωt ≤ 2pi (2.34)
where Vm is a mains voltage.
The voltage across the RL load is a full wave rectified sinusoidal and the
waveform is determined by the DC voltage and the harmonics which is ex-
pressed as a Fourier series.
v0(t) = V0 +
∞
∑
n=2,4,...
Vncos(nω0t + pi) (2.35)
where V0 = 2Vmpi , and Vn =
2Vm
pi (
1
n−1 − 1n+1).
FIGURE 2.22: AC/DC power converter.
A Three phase voltage rectifier is used as a power supply which is im-
plemented with three pairs of diodes. First three diodes are typically stan-
dard PN diodes which are connected in parallel, which conduct in series
with three silicon-controlled rectifier diodes (SCR). SCR function is to act as
normal diode in the blocking direction, when the potential of the cathode
is higher than the potential of anode, the built-in forward bias potential is
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approximately 0.7V difference. Forward bias SCR is to be triggered by a pos-
itive current pulse applied to the gate, which enables the SCR to accomplish
the rest of half-cycle as shown in Fig. 2.23. Hence the output wave forms are
phase shifted to achieve 12-step waveform.
FIGURE 2.23: Operation of SCR diode, the mains voltage is ap-
plied on the device which is then triggered by gate pulse. The
output voltage therefore depends on the triggering angle.
2.3.3.2 Boost converter design
A boost converter as presented in Fig. 2.24 is a circuit designed to increase the
potential of the DC voltage. The voltage is increased by switching the cur-
rent, which flows though the inductor L1. When the switch is disconnected,
the inductor tends to keep current flow, where the voltage potential on the
inductor rises to push the current through the diode D1 which is connected
to the capacitor C1. Depending both the switching frequency and the pulse
duration, the output voltage can be determined as:
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D = 1− Vinη
Vout
(2.36)
where D indicates the duty cycle of the switch, while Vin and Vout input volt-
age and output voltage respectively. η represents the efficiency of the con-
verter. The maximum output current is calculated by:
Imaxout =
(
Ilim − 4IL12
)
(1− D) (2.37)
where the current limit, stated in the switch data sheet, is expressed as Ilim
and the current ripple is expressed as4IL1 [120].
Commonly the higher the chosen inductor value is the higher the maxi-
mum output current due to the minimised ripple current. Likewise, current
is inversely proportional to the inductance. From the following equations the
inductance L1 can be calculated as:
L1 =
Vin (Vout −Vin)
4IL1 fsVout (2.38)
If f s represents the minimum switching frequency of the switch and Vout
is the desired output voltage ripple, then the output capacitance of C1 can be
calculated as:
C1 =
IoutD
fs4Vout (2.39)
where4Vout is a desired output voltage ripple.
FIGURE 2.24: Circuit diagram of boost converter.
As shown in Fig. 2.25, an example of the output voltage ripples between
39 and 41VDC, has been achieved for the above circuit when the inductor
value L1 = 500µH and the capacitor C1 = 5µF. The diode used was type
1N4007. The switching cycle is total of a 20µs where the ON time is 13µs,
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which is represented by red line marked as switching time. Blue line rep-
resents the input voltage and both the input and output currents have been
indicated in the graph. Generally, if the required maximum output current is
slightly greater than the required L1 higher inductance can be chosen where
the higher the inductance the smaller the ripple current. Particularly, the rip-
ple current could be further minimised with enhanced switching frequency.
The graph exhibits the system’s maximum output current has been deter-
mined to be 0.9A where the input current ripple of 3.1 to 3.5A.
FIGURE 2.25: Simulated results of boost converter results.
2.3.3.3 Buck converter design
A buck converter as shown in Fig. 2.26 was employed to decrease the voltage,
particularly in this case WPT system output voltage of 40V to 12V which is
desired to charge the battery. The buck converter switches the inductor’s
input current at a high frequency rate. When the switch is ON, the current
flows through the inductor (L1) through the capacitor (C1). When the switch
(SW1) is off, the inductor is still magnetized and the voltage drop across the
inductor causes output voltage to drop. However, due to the stored energy
in the inductor, the current will continue to flow and the output power will
remain consistent to the input power.
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FIGURE 2.26: Circuit diagram of buck converter.
The output voltage of the buck converter can be calculated using the same
(2.36) as for boost converter. The maximum input currents (Imax) can be cal-
culated as follows where IL1min is a minimum current of the integrator switch:
Imax = IL1min − 4IL12 (2.40)
Inductor L1 can be calculated as
L1 =
Vout (Vin −Vout)
4IL1 fsVin (2.41)
Vin, Vout, fs and4Il respectively indicate the typical input voltage, desired
output voltage, minimum switching frequency and the estimated ripple cur-
rent. Output capacitance is calculated as:
C1 =
4IL1
8 fs4Vout (2.42)
note that4Vout expresses the desired output voltage ripple. Fig. 2.27 exhibits
the simulated results of the example of the buck converter, when the input
voltage is 40V and the output voltage is 10V. The capacitor value used in this
case was C1 = 5µF and the inductor value of L1 = 80µH.
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FIGURE 2.27: Buck converter results.
2.3.3.4 DC/AC inverter
FIGURE 2.28: Circuit diagram of full bridge inverter.
DC voltage from either a battery or a DC source was converted, using
a full bridge inverter. Particularly inverter transfers the power from the
DC battery to the AC load, specifically in a current circuit the inverter con-
verts DC power to 300kHz and 50Hz AC. As shown in Fig. 2.28, full bridge
52 Chapter 2. Background Theory
inverter comprises four switches which close and open in a particular se-
quence. Upon switch SW1 and SW4 are being closed, switch SW2 and SW3
open, and vice versa. The output voltage across the load is reversed and
the current flows through the load towards the opposite direction produc-
ing square waveform across the resistive load. By regulating the switching
speed, the output frequency is controlled.
The output current strongly varies upon the load. Precisely, if the load
is purely resistive, the output current will match the shape of the voltage.
Particularly in a WPT system, the load is a transmitter inductive coil, cur-
rent which rises exponentially will create a sinusoidal waveform. The output
current can be expressed as an aggregation of currents.
i0(t) = i f (t) + in(t) =
VDC
R
+ Ae
−t
τ (2.43)
for 0 ≤ t ≤ T2 , where A is a constant which is evaluated at the initial condition
of τ = LR , thus the current across the TX coil is calculated where t =
T
2 and
the voltage across TX coil is −VDC.
i0(t) =
−VDC
R
+ Be−
(t− T2 )
τ (2.44)
for the T2 ≤ t ≤ T, where the constant B is evaluated from the initial
condition.
Power on the load can be determined by I2RMSR, and the RMS load cur-
rent can be calculated as
IRMS =
√√√√√ 1
T
T∫
0
i2(t)d(t) =
√√√√√ 2
T
T
2∫
o
[
VDC
R
+ (Imin − VDCR )e
− tτ
]2
dt (2.45)
In ideal case where is no loss on the switches is seen, the power of a DC
source is determined from
PDC = VDC IS (2.46)
where VDC and IS are the voltage and the current of the DC power supply.
2.4 Challenges and Limitations
The main aim of the wireless power system is to provide the power to a
movable object without being physically attached to them. The power should
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be therefore transmitted through the air gap between the transmitter and the
receiver [91, 121]. In order to develop such a system, a close collaboration
between the design of the magnetic coils and the power electronics have to
be established [122].
Improvements in the magnetic design could be based on the increasing
magnetic coupling between the coils [123], improved magnetic properties of
the ferromagnetic material [124, 125], or by changing the geometric design
of the transmitter and receiver coil [126]. The use of Litz wire, as seen in
Fig. 2.29, can in some cases significantly improve the efficiency of the WPT
system [127]. However it is important to note that the Litz wire will im-
prove the efficiency only in the system which operates bellow the frequency
of 500kHz [127, 128]. If the operating frequency is greater than 1MHz, the
effect of Litz wire decrease gradually by increased effect of parasitic capaci-
tance [128].
FIGURE 2.29: Litz wire.
A large gap between the transmitter and the receiver results in a large
leakage inductances and a low mutual inductances between the transmitter
and receivers coils [129]. High frequency, used to transmit the power in-
creases the losses on ferromagnetic core of the inductor. Eddy current on the
top of the inductors coil also increase power looses and EMI [130], and it also
increases the parasitic capacitance of the coil.
The size of the system also plays a major role in a WPT system design.
A v.ast majority of portable hand-held devices are small in size, while in car
applications the weight of the system is a major concern [45]. Therefore, the
WPT system must be as small and light as possible in order to increase func-
tionality and decrease power consumption of a vehicle for both static [131]
54 Chapter 2. Background Theory
or a dynamic charging [132]. When designing a system, the switching fre-
quency of the system is an important parameter. While this parameter does
not concern metal oxide field effect transistors (MOSFET) devices, which
have very high switching frequency, it is very important parameter when
using insulated gate bipolar transistors (IGBT). Despite higher switching fre-
quency, MOSFET devices with similar drain to source voltage specifications
(VDSON) than IGBT, have significantly higher price.
With increase of power demand and in order to increase the charging
speed, the WPT chargers tend to be more powerful. Simultaneously, with
the increase in the transmission power, the cost of the WPT charger also in-
creases. The relationship between the design cost and the output power is an
important factor, that must be addressed prior to the system design.
2.5 Methodology
The fundamental concept of the entire thesis has been an analysis of how the
IWPT phenomenon can be further simplified with no deterrents to the end
user. Challenges and limitations along with variations of techniques, have
been discussed to narrow down the potential challenges of upgrading the
wireless charging infrastructure to simultaneously support and adapt vari-
ety of electronic devices and platforms including EVs. Particularly, the in-
compatibilities between the currently deployed WPT techniques and the EV
charging platforms, causing commercial and technical unviability, has been
further narrated. The thesis investigates multiple approaches of improving
the system efficiency, spatial freedom while minimising the weight of the
IWPT charging system, in order to cater the efficiency requirements that the
consumer desires. The theoretical IWPT system has been simulated using
both MATLAB and Wolfram Mathematica, built relying upon the mathemat-
ical equations. The analysis has been further supposed by the results, ob-
tained via the simulation software Advance Design System (ADS) and Micro
Cap (MC). Ultimately simulation results were compared with a real-life ap-
plication through a laboratory built IWPT system prototype. The results gen-
erated by the prototype were measured using an oscilloscope and a spectrum
analyser and compared with the calculated results. In Chapter 3, discusses an
application where both the size and the spatial freedom of a four-loop WPT
system, has been reduced, while in Chapter 4 the weight of the two-loop,
strongly coupled loops has been reduced. Finally, in Chapter 5 proposes a
rapid car detection technique for the multi-charging pad.
2.6. Chapter Summary 55
2.6 Chapter Summary
This chapter presented the background of the WPT technology. Its histori-
cal approaches, technological variations, operating principles, major appli-
cations, advantages, disadvantages, future advancements and system limi-
tations have been discussed. Historical approaches with relevance to WPT,
include technical breakthroughs of the electromagnetic induction to the lat-
est laser technologies. Literature review has been provided to deliver recent
industrial advancements with the real-life applications.
Basics of a WPT technology which involves two magnetically coupled
coils estranged by an air gap where the receiver coil is induced by the mag-
netic field generated by the transmitter is connected to an AC supply. The
general system overview is followed by the detailed mathematical equations,
circuit model as well as the mutual inductance model. Furthermore, a com-
prehensive mathematical analysis of the WPT system has been conducted
based on two port network theory along with the potential techniques that
could be used to enhance the efficiency. A detailed analysis of the health and
safety regulations were presented. Second part of this chapter provides an in-
sight of EV charging, which includes all primary elements of a WPT charger.
Challenges and the limitations associated with the WPT has been detailed.
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R ESONANCE WPT is highly affected by the distance variations betweenthe transmitter and receiver [133]. SCMR systems heavily rely upon
the magnetic coupling between the resonators, which ought to be strongly
coupled in order to achieve maximum transfer efficiency [3, 4]. In EV charg-
ing applications for example, the distance between the vehicle body and the
charging pad strongly depend on the vehicle model and the fill. Thus, the res-
onant frequency of the transmitter and the receiver loop also varies accord-
ingly to the air gap between the resonators. Therefore, in order to maintain
the maximum efficiency, either the impedance matching [134, 135] or adap-
tive matching technique [136] must be implemented during the circuit de-
sign. Additionally, the transmission coil array technique is also being widely
used [137] where the phase weights the transmission circuit according to the
energy deposition profile of the receiving coil.
Both, SCMR and CSCMR four-loop techniques, are discussed in this chap-
ter. Two independent effective systems are carefully brought together in or-
der to address one of the common limitations where the distance varies be-
tween the car charger and receiver inbuilt in the car, counterweights the ef-
ficiency. In this section a mathematical analysis has also been conducted to
support the simulated system specifications which are presented in Section
3.2. Section 3.3 elaborates the system configurations and the experimental
parameters of the combined system. Moreover, it also contrasts the calcula-
tions and experimental results, which are graphically presented. The system
efficiency, which is associated with the angle and misalignment is studied in
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Section 3.4 while Section 3.5 presents the combined results of the combined
CSCMR-SCMR system. The chapter summary is presented in Section 3.6.
3.1 Four-Loop System Model Analysis
Four-loop, strongly coupled magnetic resonance method was introduced in
2007 [6]. The primary advantage of this method is that it maximises the dis-
tance between the transmitter and receiver loop. The authors of this study
pointed out that, 60W of energy can be wirelessly transmitted over 2m at
40% overall efficiency, using the above technique. In particular, the SCMR
system has also demonstrated that even the higher transmission efficiencies
can be achieved, simply by designing both the transmitting and receiving
resonators to resonate at the same frequency. The resonant frequency of the
transmitter and receiver are matched, at the maximum quality factor of the
conductors [138]. However, high sensitivity to the coil misalignments [139,
29], and its bulky structure can be listed as the two fundamental drawbacks
of this SCMR system. Hence the Conformal SCMR (CSCMR) concept was
presented in [140], in order to prevail over these drawbacks. In accordance
with this method, both the source and load loops are embedded in the same
plane with transmitter and receiver resonators. Few designs of the CSCMR
system were also built as printable version, see e.g. [141, 142, 143]. In prac-
tice, few printable versions of CSCMR system were built. Both, SCMR and
CSCMR systems are shown in Fig. 3.1.
FIGURE 3.1: Comparison between SCMR and CSCMR system.
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3.1.1 Combined SCMR and CSCMR Four Loop Wireless Power
Transfer System
The combined SCMR and CSCMR Four-Loop Wireless Power Transfer Sys-
tem model is presented in Fig. 3.2. The novel concept also converts both the
SCMR and CSCMR WPT system phenomenon into a single concept. The
transmitting end is designed following the SCMR concept where the source
loop is placed outside the transmission resonator in order to offer the flex-
ibility of changing coupling factor between the two loops. Likewise, the
load loop is placed concentrically inside the receiver resonator adhering to
CSCMR technique. As a result of applying this concept, the geometrical size
of the receiver end has been further minimised while the coupling factor be-
tween the two coils remains fixed.
FIGURE 3.2: Combined SCMR-CSCMR system.
In Fig. 3.2, it can be shown that if the distance (d23) between the trans-
mitter (TX) and the receiving (RX) resonator is changed. Thus, the changed
distance requires the change of the corresponding coupling factor (k23) where
the coupling coefficient (k) is a function of the distance between the adjacent
coils. As a whole, the changes in the receiver end are required to be compen-
sated by simultaneously altering the coupling factor (k12), to maintain the
system’s maximum efficiency. In accordance with the CSCMR concept, the
coupling factor (k34) remains fixed; hence, only the coupling factor between
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the source loop and the transmitter resonator (k12) can be simply adjusted by
altering the distance (d12). Therefore, the relationship between the distances
has been mathematically represented as
(4d234d12). Hence the system operates
at its maximum efficiency under the given ratio between the distances.
3.1.2 Mathematical Analysis of Combined Conformal and
Strongly Coupled Magnetic Resonance System
The combined system, which comprises both CSCMR and SCMR, include
source loop, load loop, transmitter and receiver resonators. Both transmit-
ter and receiver resonators are typically designed to oscillate at the same fre-
quency, whereas the quality factor (Q) between the two loops are maximised.
In this regard it ensures that the power transmission between these loops is
maximum for electromagnetically coupled loops whose coupling factor is at
a considerable level. The four-loop system can be further elaborated with an
equivalent circuit diagram as shown in Fig. 3.3, which illustrates a hybrid
system with two pairs of resonators.
FIGURE 3.3: Equivalent hybrid SCMR and CSCMR circuit dia-
grams.
Based on Kirchoff’s voltage law, the circuit can be derived as a four-port
network model [144, 145]. The reflected voltages, can be determined as:

Vs = (Rs + R1 jωL1)I1 + jωM12 I2 + jωM13 I3 + jωM14 I4
0 = jωM21 I1 + (R2 + jωL2 − j 1ωC2 )I2 + jωM23 I3 + jωM24 I4
0 = jωM31 I1 + jωM32 I2 + (R3 + jωL3 − j 1ωC3 )I3 + jωM34 I4
0 = jωM41 I1 + jωM42 I2 + jωM43 I3 + (R4 + RL + jωL4 − j 1ωC4 )I4
(3.1)
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which can be further simplified into a matrix form as:
Vs
0
0
0
 =

Z1 jωM12 jωM13 jωM14
jωM21 Z2 jωM23 jωM24
jωM31 jωM32 Z3 jωM34
jωM41 jωM42 jωM43 Z4


I1
I2
I23
I4
 (3.2)
where the mutual inductance (M) between the two parallel loops and the
magnetic flux density (B) can be expressed as:
By = µ0H =
µ0 Iyr2y
2(r2y + d2)
3
2
. (3.3)
The distance between the primary and the secondary coils is represented by
d and ry and Iy respectively indicates the loop radius and the current flow
through the loop. Based on both the Ampere’s law and Faraday’s electro-
magnetic induction law, the electromagnetic induction field (H) for one of
the parallel coaxial loops can be determined [26, 146], as:
Hy =
∫
4Hy =
Ixr2y
2
(
r2y + d2
) 3
2
(3.4)
where Ix represents the current flow through the xth loop. The mutual induc-
tance (M) between the xth and yth loops including the area enclosed by the
coil can be expressed as [147, 148]
Mxy =
By Ay
Ix
=
µ0Hy Ay
Ix
=
µ0r2xr2ypi
2
√(
r2y + d2
)3 (3.5)
where rx and ry represent the radius of the x-th and y-th loops, respectively
and µ0 denotes the permeability of free space. Ay stands in for the area of the
y-th loop and can be mathematically expressed as Ay = pir2y.
In order to calculate M between the receiver resonator and the load loop
based on the CSCMR system, which consist of two coaxial loops placed con-
centrically on the same plane, the magnetic field is usually attributed to the
larger loop. Therefore, when the distance between the two coaxial loops is
equal to 0, the mutual inductance between the two can be simplified as:
Mxy =
µ0r2xpi
2ry
. (3.6)
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It is also important to note that rx  ry. A coupling coefficient between the
two loops can be expressed as:
kxy =
Mxy√
LxLY
. (3.7)
The mathematical solution of the circuit presented in Fig. 3.3 can be de-
rived from
[I] = [Z]−1[V] (3.8)
Therefore, the scattering parameter S21, which represents the ratio between
the signal at the output port and the injected signal at the input, can be cal-
culated as:
S21 = 2
VL
VS
(
RS
RL
) 1
2
(3.9)
where the load voltage can be written as
VL = −I4RL (3.10)
By combining 3.7 and 3.9, the S21 parameter can be given as:
S21 =
j2ω3k12k23k34L2L3
√
L1L4RsRL
A + B + C + D + E
(3.11)
where: 
A = Z1Z2Z3Z4
B = k212L1L2Z3Z4ω
2
C = k223L2L3Z1Z4ω
2
D = k234L3L4Z1Z2ω
2
E = k212k
2
34L1L2L3L4ω
4
(3.12)
and Z1, Z2, Z3 and Z4 are the loop impedances of the four coils and can
be calculated as:
Zx = Rx + jωLx − j 1
ωCx
(3.13)
where Rx, Lx and Cx represent total resistance, the equivalent inductance and
external capacitance of the xth loop, respectively.
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For the system to work at maximum efficiency, resonant frequency ( f0) is
calculated as:
f0 =
1
2pi
√
(LC)
(3.14)
It is also important that the Q of the transmitter and the receiver res-
onators are high, to reduce coil losses [144]. The Q of the yth loop can be
expressed as:
Qy =
ω0Ly
Ry
(3.15)
where ω0 denotes the angular frequency, which can be calculated as ω0 =
ωy = 1/
√
LyCy in terms of [rad/s]. Based on the above mathematical anal-
ysis the values of the loops elements for a maximum transfer efficiency are
calculated and presented in Table 3.1.
TABLE 3.1: Calculated values of the loop elements.
Resistance Capacitance Inductance Radius
R1 = 0.015 Ω C1 = 525.97 pF L1 = 0.929 µH r1= 30 mm
R2 = 0.03 Ω C2 = 203.42 pF L2 = 2.402 µH r2= 30 mm
R3 = 0.02 Ω C3 = 661.2 pF L3 = 0.739 µH r2= 30 mm
R4 = 0.012 Ω C4 = 2571.1 pF L4 = 0.19 µH r4= 5 mm
RS; RL= 50
3.2 Numerical Analysis
SCMR based WPT has been proposed recently to overcome the limitations
of IWPT such as poor efficiency, and limited range. Both IWPT and SCMR
function on the same principle, despite higher operating frequencies and the
high-Q allow the SCMR based systems to transfer power over larger distance
compared to IWPT, at higher efficiency. Similarly, both CSCMR and SCMR
share the same operating principle, yet the coil geometry slightly varies, al-
lowing CSCMR to have a further compact system design. Particularly ge-
ometrical parameters of the loops have a strong impact on the efficiency of
both the CSCMR and SCMR systems.
Based on the mathematical analysis, an experimental model has been de-
signed with circular shaped loops. The oscillating frequency of the loop is
calculated as 7.2MHz, given the maximum operating distance to be 12mm.
The radius of the source loop is determined as 30mm, where the transmitter
and the receiver resonator loop, (r1 = r2 = r3), were calculated from (3.5)
and (3.6) respectively.
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The system will achieve the maximum distance when the k between RX
and load loops (k34) is equivalent to 0.1 [149]. To ensure that the k (k34)
matches the above requirements, the equivalent radius of the load loop (r4)
was calculated from (3.6) as 5mm. The inductance of the load loop was cal-
culated as L4 = 0.19µH. In addition, accuracy of Q requirement between the
two loops is fulfilled, if the inductance of RX is set to L3 = 0.739µH. With
(3.14), the capacitance of the the RX loop can be obtained as C3 = 661.2pF,
so that the required loop resonating frequency is achievable. Similarly, the
inductance of the TX loop (L2) was set at 2.402µH to ensure that the coupling
factor and the Q requirements are met. The desired capacitance of the trans-
mitter resonator loop was calculated as C2 = 203.42pF, from (3.14), to ensure
that the requirements for resonant frequency is met. The estimated values of
the loop elements, are presented in Table 3.1.
Fig. 3.4 indicates that the system obtained maximum efficiency of 84%,
when the distance between the transmitter and the receiver resonator is equiv-
alent to 12mm. Particularly in this scenario, the distance between the source
and transmitter resonator loop is equal to 3.4mm, and therefore, the k (k12) is
equal to 0.1.
Fig. 3.4 also illustrates the frequency splitting phenomenon which has a
crucial impact on the system efficiency, when the load power split from a
single peak to a double peak. Moreover, splitting frequencies are not equiva-
lent to the resonant frequency and the observed splitting frequencies during
the simulation is 7.15MHz and 7.25MHz. The phenomenon can be further
caused by the increasing coupling factor between the receiver and transmit-
ter resonator loops when the distance between them (d23), decreases to a crit-
ical point.
Hence, both higher and lower frequencies generate distinct H causing
distinct k, which result in different efficiencies. For this reason, most prac-
tical yet highly controlled systems tend to employ the lower frequency as
the operating frequency. Given that the relationship between transfer power
and efficiency in (3.9), the notion of frequency splitting can be summarised
in respect to the frequency characteristic of transfer power. Like the maxi-
mum system efficiency is attained at natural resonant frequency, while the
maximum transfer power at the two splitting frequencies.
Analytical model was used to evaluate the impact on the overall system
efficiency due to the alternations of the distances d23 and d12. In addition,
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it was further reviewed how the impact can be used to maintain the max-
imum efficiency at various distances between transmitter and receiver res-
onator without altering the transmitting frequency.
FIGURE 3.4: Maximum distance and frequency splitting phe-
nomenon of the calculated system.
From Fig. 3.4, it is also evident that the maximum efficiency appears when
the distance between transmitter and receiver resonator loops is equal to 12
mm, and therefore, the coupling factor between them can be calculated as
k23 = 0.0045, using (3.5) and (3.6). The coupling factor between the source
loop and TX is equal to 0.1. From the two known coupling factors, the rela-
tionship between distances d12 and d23 can be calculated from (3.5), (3.6) and
(3.7) as:
k12
k23
=
(
µ0r21r
2
2pi
2
√
(r22+d12)
3
)
√
L2L3(
µ0r22r
3
3pi
2
√
(r23+d23)
3
)
√
L1L2
. (3.16)
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After substituting all of the known variables into (3.16), the relationship be-
tween the distances d12 and d23 can be derived as:
d12 =
0.355689r2d23L
( 16 )
3
r(
1
3 )
1 r
( 23 )
3 L
( 16 )
1
. (3.17)
The relationship between the distances as described in Eq. 3.17 is sim-
ulated in MATLAB, and the obtained results, are presented in Fig. 3.5. It
is evident that the relationship between d12 and d23 can be obtained via the
afore-stated mathematical function, the maximum power transmission of the
SCMR system can also be achieved at a comparably shorter distance than the
system’s maximum range. Eminently, the transmission frequency remains
unaffected within the whole transmission range, which eliminates the neces-
sity of matching circuits and tuning capacitors [150]. Fig. 3.6 represents the
maximum efficiency of the system, if a different load and source resistances
are applied. Given the resistance of the source does not have a big impact
on the maximum efficiency, the impact of increasing the load resistance is
more significant. In order to improve the performance, where the impedance
of the source loop does not match the impedance of the load loop, various
impedance matching techniques can be used [151, 152]. However, the match-
ing algorithms are not compulsory in this study since this experiment was
carried out using a signal generator and a spectrum analyser with 50Ω input
source and the load impedance.
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FIGURE 3.5: Simulated efficiency of the hybrid system using
(3.17) for the distance (d12).
FIGURE 3.6: Maximum efficiency simulated results if the source
and load resistance varies at 7.23MHz.
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3.3 Experimental Setup
In this section, an experimental set-up is presented and is then utilized to ex-
plore the impact of various system parameters on the performance. In order
to verify the calculated results, an appropriate system was built to comply
with the calculations’ model. The two loops forming the transmitter have
the same size forming the SCMR system, and the other two loops are embed-
ded, forming the CSCMR receiver, as shown in Fig. 3.7.
FIGURE 3.7: Practical implementation of the combined CSMR-
SCSMR approach.
3.3.1 System Design and Measurement
The transmitter consists of both the source and transmitter resonator loops,
and their characteristics can be seen in Table 3.1. The length of inductor wires
has been calculated from Eq. 2.12, therefore, the source loop is made of a 2.3
turns of silver-plated insulated copper wire, while the transmitter resonator
loop is made of the same wire which contains 5 rotations. The receiver side
of the system is made using the same wire where the receiver resonator loop
contains 1.6 turns, and the load loop is made of 1.2 turns of the wire. Ceramic
capacitors were used to adjust the loops to the same oscillating frequencies.
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For measurement purposes, a signal generator was used to send vari-
ous frequencies to the source loop, while the response was measured using
a USB base spectrum analyser. The power generated by a signal genera-
tor was 10dBm. The system’s efficiency drop was calculated contrasting the
system’s output power measured with the spectrum analyser and the trans-
mitted power of the signal generator. Finally, the measurement results were
displayed using computer-based software communicating with the spectrum
analyser.
3.3.2 System Maximum Efficiency
According to the calculation as shown Eq. 3.17, an optimal design of the sys-
tem presented in Table 3.1, appears when the distance d12 is equivalent to
3.4mm. In this scenario, the maximum efficiency can be achieved when the
distance d23 is equivalent to 12mm as presented in Fig. 3.2. The graphical rep-
resentation as shown in Fig. 3.8, has been plotted using the measurements
where it exhibits the maximum efficiency at a distance equal to 12mm. The
obtained maximum efficiency of the experimental set-up is 79%, which is
highly compatible to the 84% calculated efficiency in Section 3.2. The devia-
tion between the results can be attributed to the coil displacements, coil ge-
ometry and variation in the electronic components.The lab instruments used
during the testing process, can also have an impact on the experiment due to
lack of equipment calibration.
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FIGURE 3.8: MATLAB converted results in transmission effi-
ciency (%).
Based on the comparison between the measurements and the calculations,
the designed system consists of a resonant frequency 20kHz higher than the
calculated one and it also appears to be at 7.22MHz, as shown in Fig. 3.9. The
difference in the oscillating frequencies between the calculated and measured
systems appears due to the tolerance of the elements that are used in the
practical application and mathematical formula approximation. In addition,
the inductors that were used to fulfil the experimental purpose may also have
tolerance values than the calculated values.
3.3. Experimental Setup 71
FIGURE 3.9: Frequency misalignment between the mathemat-
ical model and the experimental setup at the distance d12 =
3.4mm and d23 = 12mm.
3.3.3 Combined System Efficiency
In order to achieve the maximum efficiency, the distance between the source
loop (S) and TX has to be adjusted according to the distance between the
TX and RX loops as calculated in (3.17). As presented in Fig. 3.10, the dis-
placement ∆d23 between the TX and RX loops was compensated by adjusting
the distance between S and Tx for ∆d12 in order to achieve the maximum
efficiency. The RX loop in Fig. 3.10 represents the TX with the embedded
load loop, and d23max represents the maximum distance between the trans-
mitting and receiving loops. Fig. 3.11 illustrates a set of measurements com-
missioned via a combined CSMR-SCSMR system, which exhibits the maxi-
mum efficiency over longer distances.
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FIGURE 3.10: Maximum efficiency measurements setup.
FIGURE 3.11: Measured combined SCMR-CSCMR system the
holding maximum efficiency at a frequency of 7.23 MHz.
In order to justify the calculated results, the maximum distance d12 was
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measured at the point where the system demonstrated its maximum effi-
ciency along with the random distance d23. A numerical comparison between
the measured and calculated results is presented in Table 3.2.
TABLE 3.2: Comparison between the measured and calculated
distances (d12) and variation between the two in %.
d23 (mm) Calculated d12 (mm) Measured d12 (mm) Variation (%)
3 1 1 0
4 1.3 1 23
5 1.6 1.5 6.2
6 1.9 1.8 5.2
7 2.2 2 10
8 2.5 2.3 8
9 2.8 2.6 7.1
10 3.1 2.9 6.4
11 3.4 3.2 5.8
12 3.7 3.6 2.7
13 4 4.1 0.4
14 4.3 4.5 4.6
15 4.6 4.9 6.5
16 4.9 5 2
17 5.2 5.3 1.9
18 5.5 5.6 1.8
19 5.8 5.9 1.7
20 6.1 6.1 0
21 6.4 6.1 4.6
Fig. 3.12 shows a graphical presentation of a comparison between the ran-
dom distance d23 and the measured value of d12 against the calculated value,
d12.
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FIGURE 3.12: The relationship between the distances d12 and
d23 and a measured distance d12.
The maximum efficiency of the system was measured by positioning the
transmitter at various distances with regards to the receiver, while the dis-
tance between the transmitter loop and source loop being adjusted accord-
ingly. In Fig. 3.13, the measured efficiency is compared to the calculated
one of the system for multiple random distances, which fits well with the
calculated pattern of d12 adjustments. It is also evident that the system could
demonstrate further higher efficiencies than the obtained maximum efficiency,
at shorter distances than the higher distance. The dissimilarities between
the measured and mathematically calculated results are also demonstrated
in Fig. 3.13. Even though the it was aimed to minimise the parameter vari-
ations, clearly the difference was caused due to the variety of the parasitic
components which were used for the proposed design. It is also important
to note that the inductivity of the air-cored inductor varies upon the spac-
ing variations between the windings. Therefore, the coils’ inductivity may
slightly change during the measurements. However, the existing small vari-
ation in the value of the components may cause efficiency degradations of
the system.
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FIGURE 3.13: Comparison between the calculated and mea-
sured efficiencies of the system at 7.23MHz.
3.4 Angle and Misalignment
3.4.1 Angle Coverage
The position angle of the transmitter and receiver is also another crucial fac-
tor that may impact the system efficiency. In order to measure the efficiency,
the angle of the receiver was constantly changed according to the angle of
the transmitter, which varied between 0◦ and 90◦, as illustrated in Fig. 3.14.
The position of the receiver was also placed at various distances according to
the transmitter. For instance, as shown in Fig. 3.10, ∆d23 indicates the change
of the distance between the R′X to the previous RX position, which is 1mm.
d23max indicates the distance between the final RX position and the TX, which
is 20mm for our measurements.
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FIGURE 3.14: Positioning of receiver for the measurement of
angle efficiency.
Simultaneously, the distance between the TX and S was adjusted (∆d12)
according to the changes made, distance-wise between the TX and the RX
(∆d23); see Fig. 3.14. This further indicates the changes made to distance d12
to achieve the highest efficiency according to the previous measurements.
The receiver placement was changed for 30◦ according to the previous mea-
surements, and the measurement was repeated for new alignment.
As Fig. 3.15 indicates, the maximum efficiency drops in accordance with
the angle at which the transmitter is being placed. The greater the angle
between transmitter and receiver, the lower the efficiency of the charger, and
vice versa. It can also be seen that the angle above 30◦ highly affects the
charging efficiency, as well as the distance at which the charger operates.
Furthermore, the angle above 60◦ reduces the working range of the charger
to a few millimetres and drastically decreases the efficiency.
From the measurements, it is evident that for the charger to have high ef-
ficiency and the highest possible distance covered, the angle placement must
be lower that 30◦.
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FIGURE 3.15: Measured angle efficiency of the combined sys-
tem for various angles between transmitter and receiver at
7.23MHz.
3.4.2 The Impact of the Coils’ Misalignment
Misalignment and angle alignment also play a crucial role in the efficiency of
WPT systems. For instance the authors in [153, 154] and [155] explored the
impact of the misalignment and angle alignment on the two coils which are
magnetically coupled in a resonant wireless power system. In addition, this
study proposed algorithms capable of adjusting the transmitting frequency
to achieve maximum efficiency. Moreover combining the two systems will
simultaneously reduce the bulkiness of the receiver coils while enhancing
the spatial freedom at the transmitting end.
A misalignment between the transmitter and receiver coils also plays an
important role of relevance to the system efficiency. As presented in Fig. 3.16
the measurements were carried out by changing the position of the cover-
age between the transmitter and receiver loops from 100% coverage down to
10%. The measurements were commissioned at 0◦, 30◦, 60◦ and 90◦misplace-
ment. The distance between TX and RX was also altered by ∆d23 = 1mm, up
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to d23max, which was equal to 20mm. The distance between TX and S was also
altered accordingly by ∆d12, in order to maximize the system efficiency.
As for the angle covered, the efficiency drops according to the misalign-
ment that occurred. Interestingly, the effect on the efficiency due to the mis-
alignment was indicated as up to 60◦, which does not seem to have mas-
sively impacted the overall system efficiency. However, over 60◦ misalign-
ment within the coil structure has degraded the system efficiency drastically
while misalignment over 90◦ has caused severe efficiency drops.
FIGURE 3.16: Positioning of the receiver for the measurement
of the misalignment efficiency.
3.5 Charger Efficiency Based on the Measured Re-
sults
The proposed wireless power charger design is based on real-time measure-
ments. The charger efficiency is highly sensitive to both coil misalignment
and the change of angle between the transmitter and receiver. Moreover,
the charger efficiency possesses an inverse relationship with the misalign-
ment and the change of angle. Moreover, the charging efficiency maintains
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an inverse relationship with the coil misalignments and the change of an-
gle. Particularly, wireless charger demonstrates its highest efficiency while
the maximum distance between the transmitter and receiver is set at 12mm
with an angular misalignment of 20%. Based on the experimental results in
Fig. 3.17, a 50% misalignment may cause approximately 15% of an efficiency
drop. From the previous calculation, it can be shown that the starting dis-
tance between TX and RX will be 5mm.
The charger transmitter circuit adjusts the distance between the source
and transmitter loops to fulfil the changing position requirements of the re-
ceiver. However, in order to perform the charging efficiently, the charger
must be capable of adjusting the angle to reach the receiver, as shown in
Fig. 3.18.
FIGURE 3.17: Measured misalignment efficiency of the com-
bined system for various positions of the receiver at 7.23MHz.
80
Chapter 3. Combined Conformal and Strongly Coupled Magnetic
Resonance System for Increasing Charging Capability
FIGURE 3.18: Diagram of the proposed WPT charger system.
From Fig. 3.19 it is shown that the proposed system exhibits a tolerance
of misalignment up to a 50mm radius within the charging pad where the ef-
ficiency remains at or above 60%. According to calculations, the efficiency
at a 50mm displacement will be 67.6%, while the efficiency at full cover-
age is just above 79%. Likewise, the overall efficiency loss remains in the
range of 10%, providing more flexibility, allowing the device to be charged
efficiently within the 50mm radius. The proposed system shows significant
improvement in maximum efficiency compared to the maximum efficiency
of two loop system [156], where the systems maximum efficiency reaches
72%. Fig. 3.19 illustrates a comparison between the efficiency of the con-
ventional 2-coil system and the proposed system. It is cogently clear that
the proposed system consistently exhibits significantly better performance,
whereas the efficiency has a lesser negative impact as the distance between
elements increases. In contrast to the work proposed in [157], where the ef-
ficiency dropped by 20 % when the angle between the transmitter and the
receiver reaches 30o, here in proposed method indicates significant improve-
ments with an efficiency drop of 10% under the same circumstances.
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FIGURE 3.19: The proposed charger efficiency after the consid-
eration of misalignment from the centre of the transmitter and
angle at 7.23MHz.
At this end, it is worthwhile mentioning that the proposed system may
not be always the best option in practical implementations due to its size.
However, the improved efficiency and extended operating bandwidth of this
system can minimise the size issue. The other attractive advantage of the
proposed configuration is its ability to perform well over shorter distances,
which is a main drawback of other existing coil resonant systems.
3.6 Chapter Summary
In this chapter a comprehensive analysis of the merged SCMR-CSCMR sys-
tem supported by the challenges and advantages. Simulated results have
been used to support the negative impact on overall system efficiency, due to
the varying distance between the transmitter loop and the receiver. With the
meticulous distance variations between the source loop and the transmitter
resonant loop, system functions at its maximum efficiency. This is achieved
at the same frequency as the system’s resonant frequency at maximum dis-
tance. The key benefit of the system is that the system transmitter performs
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sufficiently well enough eliminating a variable frequency power source, si-
multaneously depreciating the manufacturing costs. The proposed design in
this case would attract more applications where the charging systems will
be less expensive. Broad range of EV, particularly distinct heights can be
charged using the same WPT charging system at its maximum transfer ef-
ficiency. The coil alignment of the receiver end complies with the CSCMR
hence the proposed design further reduces the size of the receiver. In addi-
tion, novel approach also improves the flexibility of the transmitter system,
allowing the WPT system to optimise the efficiency with minimum misalign-
ments between the transmitter and receiver. Simulated results have been
compared extensively with experimental results which indicate the resem-
blance between two models. Furthermore, proposed concept offers acceler-
ated degree of freedom for flexible charging. In this case, receiver position
can be tweaked to enhance the maximum efficiency without employing mul-
tiple coils or adjusting the frequency.
Charging efficiency and the flexibility can be further enhanced by using
the system as a part of a multiple coil charger. Results suggest that the pro-
posed system is strongly able to attain higher efficiencies compared to the fre-
quency matching technique, being further close to the maximum efficiency.
This further elaborates that the system performance was least affected by ei-
ther the combined SCMR-CSCMR method or by the distance adjustments
between the source loop and transmitter resonator.
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THE way to reduce the size of the WPT system has gained widespread in-terest among researchers, due to the significantly fast-growing market
interest in being included in relatively smaller electronic applications and
escalating system limitations in real time conventional applications. There
have been numerous research attempts towards the reduction of the coil size
while achieving higher efficiency [158, 159]. In [160], embedded loops in
an SCMR system have been suggested by the authors. Likewise, Conformal
SCMR (CSCMR) system suggests a significant size reduction of the four-loop
systems. Authors in [161] have also suggested using metamaterial arrays
and a three-coil system to further decrease the size of the receiver. In addi-
tion, series-series connected resonant capacitors with a double current recti-
fier, has been proposed in [162]. Furthermore, the authors showed that this
method can be used to simultaneously minimise the current in the secondary
coil while the physical parameters of the coil are being reduced. Hence signif-
icant reduction of 38% of the total coil weight [163], in case where a selective
harmonic approach of the transfer frequency was used.
This chapter presents an investigation of the feasibility of introducing a
new set of inductors to the existing transmitter and receiver, to further di-
minish their size. While the new technique reduces both the size and the
overall weight of the coils, with minimum compromise in efficiency. Par-
ticularly, this approach further reduces the excessive material which is used
for the circuitry, simultaneously minimising both the production costs and
weight. With regards to the coil geometry, the resonant WPT system will be
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more desirable for both EV and hand-held applications where such a coil can
be physically accommodated.
An experimental model was built to validate the analytical results. In or-
der to achieve higher efficiencies at greater range, coils are required to have
characteristics such as High Q factor and a stronger k. Q factor can be cal-
culated from Eq. 2.9 where high Q values above the 100 are considered and
the values below 100 are considered as low Q factors [164]. High Q is not
necessarily an indication of high k, specifically in this case if the TX and RX
coils are not equally sized. In fact, both the size and coil geometry signifi-
cantly impact both Q and k separately. The results exhibit that this approach,
allows the newly formed WPT circuit to reach its maximum efficiency at sim-
ilar or lesser coupling factor, as the circuit with the coils are of high Q. Results
demonstrate that the proposed system is able to achieve similar efficiencies
as a system with larger coils at similar distances, interestingly with further
size reduction and weight. This further pinpoints that the high Q of the sys-
tem can be achieved without higher inductive coils and specifically, lower
value capacitors.
The rest of the chapter is organised as follows. Section 4.1 elaborates the
proposed WPT model and a thorough mathematical analysis with an insight
into the subject has been provided, supported by multiple theoretical equa-
tions. System specifications and the calculations are presented in Section 4.2.
In Section 4.3, the experimental parameters and the system configuration are
described in details. A comparison between the calculations and measured
coupling factors, required to reach the maximum efficiency has been dis-
cussed in Section 4.4. Finally, the main conclusions of this study are included
in Section 4.5.
4.1 Theoretical Analysis of Two-loop Strongly Cou-
pled WPT System
4.1.1 Resonator Tank Design
In highly resonant WPT systems the resonators must have a high resonance
factor in order to transfer energy efficiently across the gap between the trans-
mitter and receiver coils. When two resonators are placed close to each other
they form an inductive link which allows them to transfer energy via M.
Therefore, the tank design is one of the key parameter of the WPT system de-
sign. The basic resonant tank designs can be seen in Fig. 4.1, and are based on
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the connection between the oscillation components in the circuit. The series-
series resonant coupling has capacitor and inductor connected in series in
both transmitter and the receiver oscillator, while the series-parallel resonant
coupling has only the transmitter oscillator connected in series and the re-
ceiver oscillator components are connected in parallel. On the other hand,
the parallel-series resonant circuit has the parallel connected inductor and
capacitor in the transmitter resonator while the receiver side is connected in
series. Lastly, the parallel-parallel connected resonators are shown that both,
the transmitter and the receiver resonators inductor and capacitor are con-
nected in parallel.
FIGURE 4.1: Basic resonat tank designs; a) series-series, b)
series-parallel, c) parallel-series, d) parallel-parallel.
4.1.2 LCL Resonant Circuit
As shown in Fig. 4.2, the proposed system introduces two inductors in paral-
lel with an existing inductor in comparison with the existing structure with
a single inductor. The newly added inductors are minimised in size and are
positioned in the circuit in a way to have no effect on the mutual inductance
link between the transmitter and the receiver coils.
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FIGURE 4.2: A comparison between the conventional WPT sys-
tem with a single set of coils and the proposed technique with
an additional coil.
In addition to the existing LC resonant loop, this methodology also intro-
duces two additional inductors, one on each side of the WPT system. At the
transmitter end, the new inductor LT2 is placed in parallel to the pre-existing
LC oscillator and forms a new LCL circuit design. Akin to the transmitter
side, the receiver has a new inductor attached in parallel with pre-existing
LC circuit and forms a new LCL oscillating circuit on the receiver side. The
two newly formed oscillators determine the oscillating frequency of the WPT
circuit, at which the transmitted power will be maximised.
Although additional coils were introduced in the existing system archi-
tecture, system evidently benefits from the size reduction of the existing res-
onant coils. The newly added inductors help to fine-tune the coupled circuit
into a strongly coupled circuit, without the conventionally expected high Q,
which leads to the size reduction of both TX and RX resonators.
In addition, to the two inductors LT2 and LR2, the circuit contains a fre-
quency generator (AC) which is used as a power source and its input is a sine-
wave voltage, while RG represents the internal resistance of the frequency
generator. CTX and CRX are the transmitter and receiver capacitors which
together with LT1, LR1, LT2 and LR2 form the LC oscillator. It is important
to note that the real inductor already has some self-capacitance reduce value
and therefore the loop already has its own oscillating frequency. However, in
order to reduce the magnitude of the current and increase the magnitude of
the voltage, compensation capacitors must be added [165].
4.1.2.1 Mathematical Analysis of LCL Resonant Circuit
The WPT circuit model of the proposed topology is presented in Fig. 4.3.
To analyse the circuit, all branch currents and the voltages should be deter-
mined. At the transmitter side, the IIN exhibits the input current and VA
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represents the voltage on the T-node at the transmitter. Henceforth the cur-
rent IIN is divided into two currents, I2 and I3 based on Ampere’s law (IIN
= I2 + I3). At the receiver end, I4 represents the induced current constructed
due to the M between the transmitters coil LT1 and receiver coil LR1. Thus,
the induced current is further split up into two currents I5 and I6 (I4 = I5 +
I6) while VB represents the voltage of the T-node on the receiver side. Load
resistance is denoted by RL, while reactances of the inductors are ZT1, ZT2,
ZR1 and ZR2 and the corresponding internal resistance of the aforementioned
inductors are RLT1, RLT2, RLR1 and RLR2 respectively. The impedance is quan-
tified as ZX = RX + jω LX, given that the internal resistance of the inductor
and inductance is respectively indicated by the LX and RX.
The transferred energy generally oscillates between the coil and the ca-
pacitor and the angular frequency at which the energy oscillates, can be
mathematically expressed as ω0 = 1√LC . The proposed design comprises
an additional coil, hence the energy which oscillates between the capacitor
and the two inductive coils, can be expressed as
ω0 =
1√
C
( 1
LX
+
1
LY
) (4.1)
The desired oscillating frequency of the system can be further adjusted
by the size of inductor and capacitor. To be specific, the distance between the
transmitter and receiver coils can be further increased, with a high-quality
factor. The quality factor can be derived as
Q =
√
LX
CX
1
RX
. (4.2)
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FIGURE 4.3: The circuit diagram of the proposed two-loop reso-
nant WPT system with additional inductor. IIN , I2, I3, I4, I5 and
I6 represent the currents in each branch, while the ZT1, ZT2, ZR
and ZR2 represent reactance of the inductors.
The value of the proposed phenomena can be solely discussed in terms
of overall efficiency, which is a comparison between the stored energy, dissi-
pated energy opposing the losses. High-quality factor of the resonator, is a
crucial property for a high-resonant WPT system to achieve high efficiency.
Given that the resonators are typically manufactured to operate in a relatively
narrow frequency band which reduces their probability to interact with sur-
rounding objects. The implication is that, to achieve a high Q, high induc-
tance is required, which eventually increases the physical dimensions of the
transmitter and receiver loops. Hence, a new design has been proposed to
reduce the size of the transmitter and receiver loops sustaining the state of
equilibrium. Particularly, the LCL design herein discussed, in which the in-
ductors are placed in a favourable position, limiting the interaction between
the rest of the circuit, but only the TX and RX inductors to interact with each
other, obtaining the required results. Circuitry of the proposed system in
Fig. 4.3, can be analysed via the following set of equations, a derivation of
the currents using simple Ohm’s law made up of M, resistance (R) and In-
ductance (L). Currents in the circuit can be simplified as
i2 =
VA
(RT1 + jωLT1)
(4.3)
i3 =
VB − (i4 jωM)
(RT2 + jωLT2 + 1jωCTX )
(4.4)
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i4 =
−(VB + (i3 jωM))
(RR1 + jωLR1 + 1jωCRX )
(4.5)
i5 =
VB
(RR2 + jωLR2)
(4.6)
and the voltage VA can be written as
VA = VIN − ((i2 + i3)RG) (4.7)
while the voltage VB is:
VB = (I4 − I5)RL. (4.8)
Calculations can be further simplified, if the capacitive and inductive re-
actance of the elements are written as
ZT1 = RLT2 + jωLLT2
ZT2 = RLT1 + jωLLT1
ZR1 = RLR1 + jωLLR1
ZR2 = RLR2 + jωLLR2
ZCTX = 1jωCTX
ZCRX = 1jωCRX
(4.9)
Therefore, from these equations the input impedance ZIN can be calcu-
lated as
ZIN =
(aZT1 + bZT2 + cZR2 + dZT1 + eRLRGZR1 + (CRXCTX −M2)RLRG)
( f ZT2 + gZT1 + hRLZR1 + (CRXCTX −M2)RL)
(4.10)
where
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
a = ZR2(ZR1 + RL + CRX) + RLZR1 + CRXRL
b = (RGZR1 + (RL + CRX)RG)ZR2 + RLRGZR1 + CRXRLRG
c = ((RG + CTX)ZR1 + (RL + CRX)RG + CTXRL −M2 + CRXCTX)ZR2
d = (RLRG + CTXRL)ZR1 + CRXRLRG + (CRXCTX −M2)RL
e = (CTXRGZR1 + (CTXRL −M2 + CRXCTX)RG)ZR2 + CTX
f = (ZR1 + RL + CRX)ZR2 + RLZR1 + CRXRL
g = ZT1(ZR1 + RL) + CRXZR2 + RLZR1 + CRXRL
h = (CTXZR1 + CTXRL −M2 + CRXCTX)ZR2 + CTX.
(4.11)
The efficiency of the system η, can be denoted as
η =
POUT
PIN
=
i2OUTZIN
i2INZEQ
. (4.12)
Therefore, the efficiency of the proposed circuit could be expressed as fol-
lows:
η =
−MRLZR2ZT1
kZT1 + lZT2 + mZR2 + nZT1 + oZR2 + CTXRLRGZR1 + pRLRG
(4.13)
where k, l, m, n, o and p are:
k = (ZR1 + RL + CRX)ZR2 + RLZR1 + CRXRL
l = (RGZR1 + (RL + CRX)RG)ZR2 + RLRGZR1 + CRXRLRG
m = (RG + CTX)ZR1 + (RL + CRX)RG + CTXRL −M2 + CRXCTX
n = (RLRG + CTXRL)ZR1 + CRXRLRG + (CRXCTX −M2)RL
o = CTXRGZR1 + (CTXRL −M2 + CRXCTX)RG
p = (CRXCTX −M2).
(4.14)
G is gain for the circuit and can be expressed as
G = MRGZT1(ZT2 + CTX)((r)ZT1 + RGVBqZR2 + RLRGVB(q)) (4.15)
where q and r can be described as:
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 q = VB(ZR1 + RL + CRX)ZR2 + RLVB(ZR1 + CRX)r = ZT2(sZT1 + RGVBt) + (u + MRLVIN)ZR2 +VBz (4.16)
and the s, t, u and z are

s = (ZR1 + RL + CRX)ZR2 + RLRGVB(ZR1 + CRX)
t = VB(RG(ZR1 + RL + CRX) + CTX(ZR1 + CRX)) + CTXRL −M2
u = RL(CTX(ZR1 + CRX)−M2) + RLRG(ZR1 + CRX)
z = CTX(ZR1 + CRX) + CTXRL −M2.
(4.17)
4.2 Numerical Analysis of Two-loop System
The transmission efficiency and the distance at which the system achieves
maximum efficiency, strongly depends on the geometrical design of the loops
[166], therefore, M between the two loops is determined as:
MXY = MYX =
ΨXY
IX
=
µ0HY AY
IX
=
µ0r2Yr
2
Xpi
2
√
(r2X + d
2)3
. (4.18)
The results obtained from both designs have been contrasted, using the
behaviour that all four loops which naturally oscillate at the same frequency,
have been designed to have the same inner diameter. The inner diameter of
the transmitter and receiver loops were set to be approximately 72mm and
the frequency at which they oscillate, was set at 9.23MHz. However, as illus-
trated in Eq. 4.18, the inner diameter of the loops can be adapted as desired,
without influencing the results. It is well understood that the quality factor
directly influences the efficiency of the transmission circuit, hence if the inner
diameter is reduced, the maximum efficiency of the respective circuit will re-
main constant, as the coupling factor between the two loops stays same as for
the larger system. The remaining loops (LT1, LR2) have a diameter of 2mm.
However, the M between the transmitter LT2, and receiver LR1 coils, remains
unaffected.
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4.2.1 High-Q Coil System Specifications
According to Eq. 4.2, the requirements which determine the Q of the coil
are low resistance of the coil and a high ratio between the inductance and
the capacitance. The combination of the inductor and the capacitor plays a
vital role in defining the oscillating frequency. Therefore, the baseline crite-
ria of the high Q loop properties have been calculated, via Eq. 4.1. Results
obtained via the calculations, the elements used in the high Q circuit design
are presented in Table 4.1. In addition, the inductance of the TX (L1) is set to
186.6µH for the required capacitance of C1 =1.6pF. For the receiver loop, the
inductance L2 is set at 229.6µH while the capacitance of the receiver is C2 =
1.3pF. The internal resistance, of the coils is 0.15Ω, given the resistance of the
source and load is equal to 50Ω.
TABLE 4.1: Calculated elements of two-loop strongly coupled
WPT system with high Q of coils, used to build a practical sys-
tem.
Capacitance Inductance Resistance Resistance
C1 = 1.6 pF L1 = 186.6 µH RL1 = 0.15 Ω RS = 50 Ω
C2 = 1.3 pF L2 = 229.6 µH RL1 = 0.15 Ω RL = 50 Ω
FIGURE 4.4: Calculated efficiency of the system with high-Q of
the transmitter and receiver coils, built based on the value of
the elements from Table 4.1.
The results obtained from the simulation of the above circuit, are pre-
sented in Fig 4.4. It further indicates that, the circuit is over-coupled if the k
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between the transmitter and the receiver is 0.1 and the potential maximum ef-
ficiency appears in the frequency of 9.27MHz. Given the coupling factor be-
tween the TX and RX is 0.005, the system performs at a reasonable efficiency
of 97% being suitable for energy transmission. Whilst the k being further de-
creased, the efficiency also begins to drift accordingly. Particularly, when the
coupling factor drifts down to 0.003, system efficiency also decreases to 90%
and when the coupling factor is 0.001, system efficiency further decreases the
to 43%.
4.2.2 Low-Q Coil System Specifications without Additional
Inductor
In contrast to the high Q system, the loops in this system do not require a
large capacitance and inductance ratio, as presented in Table 4.2. In order
to make the system more cost-effective, standard widely available 15pF and
18pF capacitors were used in this experiment. The capacitance value for the
system with Low Q coil is much higher that that of the capacitors used for
high Q design, however the market price per unit is similar. Therefore, to
make the loops oscillate at the same frequency as the system with high Q in-
ductors, the TX must have inductance of 16.37µH and 19.65µH, respectively.
The resistance of the inductors is the same as the resistance of the loops with
high Q, at 0.15Ω.
TABLE 4.2: Calculated base model of two-loop loosely coupled
WPT system. The specification will be later used to build a
practical model.
Capacitance Inductance Resistance Resistance
C1 = 18 pF L1 = 16.37 µH RL1 = 0.15 Ω RS = 50 Ω
C2 = 15 pF L2 = 19.65 µH RL1 = 0.15 Ω RL = 50 Ω
‘
In Fig. 4.5 the calculated performance of the system is presented. As
shown in this figure, the system reaches maximum efficiency when the Q be-
tween the TX and RX is equal to 0.05, which is far higher than the Q required
to reach maximum efficiency with high Q of the coil at 0.004. The system
with low Q factor reaches efficiency of 15% at the coupling factor of 0.003,
which is equivalent to 81% reduction compared to the previous system.
94
Chapter 4. Miniaturization of Two-Loops Strongly Coupled Magnetic
Resonance Wireless Power Transfer System
FIGURE 4.5: Efficiency of the system with low-Q factor of the
coil without additional inductor, calculated with advanced de-
sign system (ADS) software. A coupling factor at which maxi-
mum efficiency appears is much higher than that for the system
with high Q.
4.2.2.1 Comparisons of a Coupling Factor of Low-Q Coil System and a
High-Q Coil System
As mentioned earlier, the quality of the coil affects the coupling factor needed
for the system to reach maximum efficiency. In Fig. 4.6 the difference between
the two systems is presented. It is evident that the system with low Q value
requires higher Q to gain its maximum efficiency. However, the system de-
signed with high Q value has its maximum efficiency at the coupling factor
of 0.004 while the system with low Q coils obtains maximum efficiency when
the quality factor is 0.05.
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FIGURE 4.6: Comparison between the coupling factor needed
for the maximum efficiency to appear for the system with low
Q and high Q of the coils.
4.2.3 Low-Q Coil System with Additional Inductor
To enhance the performance of the system with low Q coils, two new induc-
tors are introduced to the existing WPT system. The inductors LT1 and LR2
are connected in parallel with the transmitter and receiver loops, (LT2, LR1).
4.2.3.1 Determination of the Size of the Additional Inductor
In order to determine the size of the additional coils, the graphical presen-
tation of the effect is presented in Fig. 4.7. It is shown that the increase of
the value of the additional inductors connected in parallel to the resonator
coil increases the k needed to maximize the efficiency. If LT1 = 2.105µH and
LR2 = 2.359µH, the difference between the coil with additional inductors and
low Q coil is minimal. Conversely, if the additional inductors values are too
small, as shown in Fig. 4.7, where the LT1 = 0.02105µH and LR2 = 0.02359µH
are used, the maximum efficiency drops drastically.
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FIGURE 4.7: The effect of the different values of additional in-
ductors on the coupling factor needed to reach maximum ef-
ficiency. The coupling factor needed to reach maximum effi-
ciency drops with the decrease of the value of additional induc-
tor.
The size of the additional inductors has to be chosen based on the nu-
merical analysis. In this case, we chose to use LT1 = 0.2105µH and LR2 =
0.2359µH which offer a performance close to that of the system with high Q
of the inductor, as shown in Fig. 4.8. To maintain the oscillating frequency of
the system at 9.23MHz and to use the widely produced capacitors, a trade-
off in performance is required. Therefore, the designed system reaches the
maximum efficiency at k = 0.003, while the system with high Q factor reaches
its maximum at k = 0.004.
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TABLE 4.3: Calculated values of the elements used in the pro-
posed model with two loop loosely coupled WPT system with
a low Q of the coils and two additional inductors.
Capacitance Inductance Resistance Resistance
CTX = 18 pF LT2 = 16.37 µH RL2 = 0.15 Ω RL = 50 Ω
CRX = 15 pF LT1 = 0.2105 µH RT1 = 0.15 Ω RL = 50 Ω
LR1 = 19.65 µH RR1 = 0.15 Ω
LR2 = 0.2359 µH RR2 = 0.15 Ω
FIGURE 4.8: Comparison of the maximum distance between
the TX and RX loops of the system with low-Q design, with
and without additional inductors and a system with high-Q coil
design.
The system specification of the elements is presented in Table 4.3. As
it can be seen, the system is a combination of the low Q coils and the addi-
tional coils. The calculated performance of the system is presented in Fig. 4.9.
As shown in the figure, the system reaches a maximum efficiency of 95%
when the coupling factor between the transmitter and receiver is 0.003. This
presents high improvement over the system with low Q coils which reaches
maximum efficiency at k = 0.05. However, an efficiency drop is a major draw-
back which is a reasonable trade-off in order to reach larger distance without
affecting the coils size and weight.
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FIGURE 4.9: Calculated efficiency of the proposed system with
low Q of the coils with two additional inductors. The coupling
factor at which maximum efficiency is much smaller than that
for the low Q design without additional coils.
4.2.4 Effect of the Additional Coil Resistance on the System
Efficiency
The resistance of the added coils RLT2 and RLR2 has an important impact on
the maximum efficiency thus has been analytically determined via mathe-
matical calculations, which has been the base of the Fig. 4.10. It can be seen
that increasing the resistance of the added inductors has a negative effect on
the transmission efficiency. When the resistance of the added coils increases
from 0.1Ω to 0.5Ω, the system efficiency drops by 10%. A further increase
in the coils resistance to 1Ω leads to a drop of efficiency by additional 10%
to 70%. From the figure it can be concluded that the increase in resistance
leads to a rapid decrease in the system efficiency. However, in the opposite
direction, when the resistance decreases, the efficiency improves. As seen
from the graph, when the resistance decreases from 0.1Ω to 0.001Ω, the effi-
ciency of WPT system increases by 1%, to 95%. Therefore, in order to reach
high efficiency, maintaining a low resistance of added coils RLT2 and RLR2 is
a crucial factor.
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FIGURE 4.10: Effect of different resistance of added coils on the
systems efficiency. The smaller the resistance, the higher the
efficiency and vice-versa.
4.3 Experimental Setup
An experimental setup is presented in this section. In order to verify the
calculated results, an appropriate system was built. A pair of loops were
designed for this experiment as shown in Fig. 4.11. The first pair is the con-
ventional TX and RX loops shown at the left side of the figure and the second
pair is the modified TX and RX loops. A practical implementation of the
measurement setup can be seen in Fig. 4.12.
FIGURE 4.11: Comparisons of the coil’s sizes.
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FIGURE 4.12: Measurement set-up of both systems.
4.3.1 System Design and Measurements
Both systems consist of single TX and RX loops, made of the same enameled
copper wire. The conventional TX loop with high Q coil, is made of 41 turns
while the conventional RX loop with high Q contains 48 turns as presented in
Table 4.1. In contrast, the modified TX and RX loops, with additional induc-
tors, are made of only 8 and 9 turns, as presented in Table 4.3. All loops have
the same diameter of 72mm. In addition to the TX and RX loops, the proposed
system contains two additional inductors made with the same material. The
additional inductors LT1 and LR1 are made of 2 and 3 turns respectively and
both have inner diameters of 3mm. In order to tune the loops to oscillate at
the same frequency, ceramic capacitors were used.
A signal generator Digimess SG200 RF was used to provide circuit with
various frequency signals, which were applied to the TX loop. Measuring
frequency response of the loops plays important role in order to compare
quality of the loops and their oscillating frequency. Its also shows good com-
parison between the calculated and designed loops performance. The re-
sponse of the circuit was measured at the RX loop, and it was carried out by
a USB-based spectrum analyser, the Tektronix RSA306. The spectrum anal-
yser was connected to a computer-based software where the results of the
measurements were finally displayed.
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4.3.2 System Maximum Efficiency
According to the calculation, for the modified system, an optimal efficiency
appears when the coupling factor between the TX and RX loops is equal
to 0.003. As Fig. 4.13 shows a maximum efficiency of the modified system
reaches 96% at a frequency of 9.23MHz. The measurements confirm that
the designed system follows the frequency pattern of the calculated system.
The maximum efficiency is reached at a frequency of 9.23MHz, however the
maximum efficiency attained is slightly below the calculated value at 89%.
The same system at the coupling factor k = 0.01 suffers the effect of fre-
quency splitting and reaches a double peak at frequencies of 9.17MHz and
9.26MHz. The measured results once again confirm the calculated values, a
measured double peak maximum efficiency is reached at frequencies of 9.155
and 9.265MHz. Maximum efficiency is again slightly lower than the calcu-
lated values and measured at 85% and 87%, which are 10% and 8% lower
than the calculated value.
FIGURE 4.13: Comparison between the measured and calcu-
lated maximum efficiency and frequency pattern for the mod-
ified circuit with additional coils. The results show close simi-
larity of calculated and measured results.
In contrast to the modified loops, the conventional system has slightly
wider frequency spectrum. The main reason for this is that in order to use
widely produced capacitors for the modified system, the quality factor of
the combined coil must be slightly higher than the one from conventional
systems in order for both systems to oscillate at the same frequency. That
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is also the reason for the efficiency drop at the frequency 9.23MHz, since
the system is already in decline at coupling factor of 0.003, as we can see
in Fig. 4.14. Also in Fig. 4.14 it can be seen that the measured efficiency at
frequency 9.23MHz is 3% below the calculated value, for k = 0.003. It is
evident that the measured efficiency for both coupling factors, k = 0.003 and
the k = 0.01 resemble the calculated pattern. Double peaks at 9.15MHz and
9.28MHz as indicated in Fig. 4.14, where k = 0.01 indicates a difference of 0.01
and 0.005MHz compared to the calculated results.
FIGURE 4.14: Comparison between the measured and calcu-
lated maximum efficiency and frequency pattern of the con-
ventional system with a high Q of the coil. A designed system
shows close similarities with the calculations.
4.4 Comparison of the Size and Efficiency of LCL
WPT system
The maximum distance at which the system is able to deliver power with
high efficiency is a crucial factor in any WPT system. Up until now a high
quality factor of the transmitting and receiving coils was required to effi-
ciently transmit the power on small coupling factor between the two coils.
With the proposed method for the maximum distance of the transmission,
the quality factor of the transmitting and receiving coils can be made smaller.
As shown in Fig. 4.14 the maximum transmission efficiency between the two
coils with low quality factor occurs when the coupling factor between them is
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equal to 0.05. However, the same two coils can achieve larger maximum dis-
tance for the power transfer with the addition of two small inductors LT1 and
LR2 in parallel with the existing inductors. The maximum power transmis-
sion between two coils in that case occurs when the coupling factor between
the two coils is equal to 0.003, which significantly improves the maximum
distance. In both cases, calculated results are compared with the measured
as illustrated in Fig. 4.15. It is shown that the maximum efficiency of the two
systems appears close to the calculated results.
FIGURE 4.15: A comparison between the measured and calcu-
lated maximum distances between the low Q design coil with
and without added inductor at frequency of 9.23MHz. The sys-
tem with an additional coils shows an increase in the distance
between TX and RX at which mximum efficiency occurs.
Similar to the system with low quality of the coils, the new proposed sys-
tem is compared with the conventional system with a high quality of the
transmitter and receiver coils. Fig. 4.16 shows a comparison between the
two. As seen from the figure the system with high quality coils reaches its
peak when the k between the two coil reaches 0.004 and the maximum effi-
ciency of the proposed design is reached when the coupling factor between
the two coils is 0.003. As already mentioned, this occurs due to a desire to use
widely available values of the capacitors. From the figure, we can see that the
measured results from the prototype system closely follows the calculated re-
sults from the model. From the calculations, the maximum efficiency of the
proposed system is 7% below that of the conventional model, however the
advantages of the proposed design are shown in Table 4.4.
The main advantage of the proposed design is the reduced size of the
loops. The length of the transmitter loop in the conventional design is equal
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TABLE 4.4: Comparison of the physical parameters of the con-
ventional and modified systems. Proposed system shows a
great improvement towards the conventional design.
Conv. LTX Mod. LTX Diff. % Conv. LRX Mod. LRX Diff. %
Length 15 mm 3 mm 80% 20 mm 4 mm 80%
Weight 7.37 g 1.58 g 78.6% 8.63 g 1.78 g 79.4%
Turns 41 8 80.5% 48 9 81%
to 15mm while that of the proposed design is equal to 3mm. Similar to the
transmitter loop, the length of the receiver loop from the proposed design
is 4mm, which is a big improvement from the 20mm required for the system
from conventional design. Furthermore, the proposed system design has sig-
nificantly reduced the weight of the WPT transmitter from 7.37g in conven-
tional system to 1.58g while the receiver weight also improved from 8.63g
to 1.78g. Both of the above advancements has lead to overall 80% reduction
of its size and weight. Therefore, the size reduction offered by the proposed
system is achieved at the cost of slight reducing the system efficiency.
FIGURE 4.16: Comparison between measured and calculated
maximum distances between the TX and RX coil between the
system with high Q coils and the system with added inductor.
The results show a similar distance of transmission that can be
achieved with both systems.
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4.5 Chapter Summary
The proposed methodology reduces the dimensions of the resonators which
are comprised in the herein discussed two-loop strongly coupled resonant
WPT system. The analytical model of the two-loop, strongly coupled mag-
netic resonance system with additional inductors, has been developed to fur-
ther study the relationship between the coil geometry and dimensions with
respect to the size of the new inductors and the coupling factor, required to
obtain the maximum system transfer efficiency.
The results shed light on the hypothesis of wireless transfer how the cou-
pled mode system efficiency is dependent upon the coupling coefficient. Par-
ticularly, how the system obtains its maximum efficiency at a lower coupling
coefficient. k is the amount of critical inductive coupling which exists be-
tween the coils at a particular distance, which may also vary upon the coil
configurations. For instance, if the coils are perfectly coupled then the k = 1
and k = 0.5 if they are loosely coupled. Similarly, the coupling factor rates
the prefect coupling between the independent TX and RX, which expresses
how much magnetic flux generated in the TX coil penetrates the RX coil and
determined by the distance between the coils, relative size, shape and lastly
the angle [87]. However, here in this chapter the distance between the coils
and the size of the inductors, have been taken into account. Additionally, the
system transfer efficiency with relevance to the parasitic resistance due to the
magnetic field density of the additional inductors has been further examined.
The experiment was conducted to validate the analytical results based on the
theoretical description.
The novel concept of designing a two-loop resonant WPT circuit which is
proposed, replaces the resonant inductors with a high resonant factor, with
a set of small inductors which are placed in parallel with an inductor of a
low quality factor. The technique allows the newly formed WPT circuit to
reach its maximum efficiency at similar or even smaller coupling factor as
the circuit designed with the coils of high quality. In contrast, results reflect
that the proposed system is significantly able to deliver power at similar ef-
ficiencies as the system with larger coils at similar distances. Interestingly,
proposed design further reduces the size and weight, being potentially able
to manufacture as a hermetically sealed system further optimising the safety
feature. Aforementioned multi-coil system optimises the inductive coupling
between the elements providing the designer a smaller degree of freedom in
size constrained applications.
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Furthermore, the analysis indicates that the high quality of the system
can be achieved, regardless of the higher inductive coils and specific lower
capacitor value. Consequently, smaller inductors are required to specify the
oscillating frequency, hence the size of the inductor, is further reduced. A
5% contraction in the WPT transfer efficiency is observed compared to the
conventional method. However, the novel architecture trade-off the system
efficiency at the cost of the 80% size of the loop is reduced with a 79% weight
reduction. The reduced size system is also highly advantageous for strongly
coupled systems with a limited thermal budget with less heat generation. It
is shown that the simulation results and the measurements during the exper-
iment, exhibit very similar trends, determining that the simulation results
also agree well with the theoretical calculations confirming the validity of
the theoretical analysis. Despite of the advantages, future research is rec-
ommended analysing the complex magnetic quantities and energy exchange
characteristics upon the coil geometry.
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E LECTRIC vehicles are regarded as one of the most promising alternativesto fossil fuel vehicles. Statistics indicate that in July 2018, 162,000 plug-
in EVs (PEVs) were used on the UK roads. Furthermore, the number of elec-
tric car models and brands in the UK market have grown rapidly in the re-
cent years. Today, in the UK, 75 different models of PEVs are available and
roughly 20,000 charging points have been installed around the country [167].
It has also been predicted that by 2030, about 60% of all new vehicles sales in
the UK will comprise EVs [168]. However, charging cables are still used to
connect the cars to the charging stations.
FIGURE 5.1: EV wireless power transmission charging with the
charging pad placed under the vehicle.
A conventional EV WPT charger has been illustrated in Fig. 5.1, where
the TX is placed under the EV and the RX is fitted on its body. The parking
spot is designed to offer the driver sufficient parking space and a safe exit.
However, spatial freedom in parking spaces is a challenge while designing a
WPT transmitter [169]. According to [170], the minimum parking space for
a car is 4.8m in length and 2.4m width. Therefore, the WPT charger should
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ideally be able to transfer power with its highest efficiency regardless of the
vehicle’s position.
Different methods of IWPT have been proposed in recent years. For in-
stance, authors in [171] proposed replacing the circular coil structure of the
pad with a quadrature coil combined with DD coil design. The new DD-
DDQ coil design can improves the pad’s charging zone, thereby reducing the
cost of the pad. A tripod was proposed in [172], where the transmitter unit is
built with 3 individual charging coils, which are connected to each other in a
circular structure. According to the authors, the proposed structure reduces
magnetic flux leakage.
Distinct methods to improve spatial freedom of a WPT charger were pro-
posed by [173], where power transmission is combined with a super capaci-
tor (SC) to form an energy buffer. A multi-coil charger was also investigated
in [174, 175, 176] to increase the receiver’s flexibility based on free positioning
of the transmitter. The proposed multi-loop transmitter contains two or more
loops that are embedded in the same transmitter. The loop used to transmit
power to the receiver is calculated based on the measured results of each in-
dividual transmission. The advantage of this method is that power is consis-
tently transmitted with the highest possible efficiency. However, continuous
communication between the transmitter and receiver has to be established
and numerous measurements have to be made during the charging period
and after, to ensure calibration, in case the object repositions.
This chapter presents a novel localisation method for EV charging through
WPT. With the proposed technique, the wireless charging system can self-
determine the most efficient coil to transmit power to the EV’s position, which
is detected, based on the sensors activated by its wheels. To ensure optimal
charging, our approach involves measuring the transfer efficiency of an in-
dividual transmission coil to determine the most efficient one to be used.
This not only enhances the charging time but also minimises energy losses
by autonomously only activating the coils with the highest transfer efficien-
cies. The results show that, with the proposed system it is possible to detect
the coil with maximum transmitting efficiency without actual power trans-
mission and comparing the measured efficiency. This study also prove that,
with the proposed charger set-up, the position of the receiver coil can be de-
tected almost instantly. Therefore, the system saves power and maximises
the charging time.
This chapter is structured as follows. Section 5.1 describes the proposed
WPT charger model and presents a mathematical analysis. Section 5.2 presents
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the system specifications and numerical results. In Section 5.3, the exper-
imental parameters and system configuration are described in detail. The
measurement results are discussed in Section 5.4 and the chapter is sum-
marised in Section 5.5.
5.1 Wireless Charging Pads Model
A vital aspect of the car charging pad design is to cover multiple positions
of a car in a parking facility. To sense the position of the vehicle, the wheels
need to be placed within the pre-marked parking spaces. For experimental
purposes, the properties of the three prominent EV models used in the UK
have been presented in Table 5.1 [177], and the dimensions of the car have
been illustrated in Fig. 5.2. While designing a charging system, the most
crucial factors that need to be considered are the distance between the centre
of the rear and front wheels (wheelbase), marked as D, as well as the distance
between the left and right front wheels (track distance), marked as B.
FIGURE 5.2: A car’s dimensions; height (A), track distance (B),
width (C), wheelbase (D) and length (E).
TABLE 5.1: Dimensions of the three most popular car currently
in the UK market.
Model Height Width Wheelbase Length
Renault Zoe 1562mm 2588mm 2637mm 4084mm
Tesla Model S 1445mm 2960mm 2630mm 4979mm
BMW i3 1598mm 1775mm 2570mm 4006mm
The most common EVs on the UK roads are Renault Zoe, Tesla Model S
and BMW i3. With the respect to the dimensions of EVs, shown in Table 5.1,
it is evident that despite the similarities between the length of the Renault
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Zoe and BMW i3, their widths differ. Tesla Model S is a considerably larger
vehicle. Therefore, based on the wheelbase and the track distance, it is possi-
ble to determine the model of a vehicle based on the activated sensors. Upon
successful determination of the EV’s dimension, the system can effectively
calculate which TX is to be used based on the current parking position.
FIGURE 5.3: Two dimensional network of the parking space
which is used to calculate the EV’s position, size and detect the
WPT coil with highest efficiency of charging.
The location of the vehicle in the parking space can be determined by the
coordinates within the Cartesian plane, where each of the four vertices of the
vehicle has known coordinates as shown in Fig. 5.3. From these coordinates,
properties such as the width and length can be determined. The coordinates
of each wheel are given by Wi = W(Xi,Yi). To determine the wheelbase and
track distance, the distance between the wheels is calculated as follows
d(Wi,Wj) =
√
d2
(WXi,WXj)
+ d2
(WYi,WYj)
(5.1)
In the above equation d(Wi,Wj) is the distance between the two measured
wheels positions Wi and Wj. The shortest distance is calculated as the dis-
tance between the two front wheels, while the longest is the distance of the
wheelbase. Based on these results, the car’s dimensions can be determined.
To determine which transmitter coil will function at its highest efficiency
at the EV’s current position, the centre of the car has to be determined. Within
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the Cartesian plane, the centre of the EV is determined as the point of inter-
section of the diagonals. Therefore, the centre of the EV can be calculated as
a centre between the two nodes as shown bellow
C(Wi,Wj) =
(WXi +WXj
2
)
,
(WYi +WYj
2
)
. (5.2)
The oscillating frequency of the WPT system is given by ω0 = 1√LC where
the L and C are the inductance and capacitance of the system respectively.
The quality factor of the coil, Q, has a strong impact on the efficiency of the
system and it can be expressed as Q =
√
L
C
1
R =
ω0L
R , where Q decreases as
the coil resistance increases. The mutual inductance between the two coils
is expressed as M = k
√
LT LR, where LT and LR are self-inductances of the
transmitter and receiver coil and k represents a coupling factor between the
two coils. Considering the self-inductances of each coil, the mutual induc-
tance can be calculated as follows
M = k
√
1
pi
µ0A
√
1
pi
µ0B (5.3)
µ0 represents vacuum permeability and
A = (−2)
√
(l1 − rw)2 + r2w +
r2w
sinh(l1 − rw)
+2
√
(l1 − rw)2 + (w1 − rw)2 + (rw − l1)(l1 − rw)sinh(l1 − rw)
− (w1 − rw)
2
sinh(rw)
− 2ln(rw)− 2(r2w +
√
(w1 − rw)2
+
2r2w
sinh(w1 − rw) + 2
√
2rw +
(w1 − rw)2
sinh(rw)
+
√
2
(5.4)
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B = (−2)
√
(l2 − rw)2 + r2w +
r2w
sinh(l2 − rw)
+2
√
(l2 − rw)2 + (w2 − rw)2 + (rw − l2)(l2 − rw)sinh(l2 − rw)
− (w2 − rw)
2
sinh(rw)
− 2ln(rw)− 2(r2w +
√
(w2 − rw)2
+
2r2w
sinh(w2 − rw) + 2
√
2rw +
(w2 − rw)2
sinh(rw)
+
√
2.
(5.5)
The length of the loops of the transmitter and receiver coils are repre-
sented by l1 and l2 respectively, and rw represents the cross-section radius of
the coil. The width of the transmitter loop is denoted by w1 while the re-
ceiver loop width is denoted by w2. System efficiency is strongly associated
with mutual inductance, transmitting frequency and resistance of both coils.
It can be calculated as
η =
k2ω2
√
µ0
pi C
2
√
µ0
pi D
2
RTRR(1+
√
1
RT RR
kω2
√
µ0
pi C
√
µ0
pi D)
2
, (5.6)
C = (−2)ln(rw) + (l1 − rw)
2
sinh(rw)
+
r2w
sinh(l1 − rw)
+
2r2w
sinh(−r2w + w1)
+
(l1 − rw)(−l1 + rw)
sinh(−r2w + w1)
− (−rw + w1)
2
sinh(l1 − rw) +
√
2+ 2
√
2rw − 2
√
(l1 − rw)2 + r2w
−2(r2w +
√
(−rw + w1)2) + 2
√
(l1 − rw)2 + (−rw + w1)2
(5.7)
D = (−2)ln(rw) + (l2 − rw)
2
sinh(rw)
+
r2w
sinh(l2 − rw)
+
2r2w
sinh(−r2w + w2)
+
(l2 − rw)(−l2 + rw)
sinh(−r2w + w2)
− (−rw + w2)
2
sinh(l2 − rw) +
√
2+ 2
√
2rw − 2
√
(l2 − rw)2 + r2w
−2(r2w +
√
(−rw + w2)2) + 2
√
(l2 − rw)2 + (−rw + w2)2.
(5.8)
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5.2 Proposed Wireless Charging Pad
The smart WPT proposed in this study is information-centric such that wire-
less sensor array is integrated with the charging system to a-priori determine
the positions of each wheels of the parked vehicle before activating the trans-
mitter coils. Once successfully parked, the weight of the vehicle activates
the sensor array underneath the wheels. The control unit senses this out-
come as a logic "1" on the input. Based on combination of the sensed logic
inputs, the algorithm determines the most suitable coil to transmit power at
the given car’s position. The control unit activates the corresponding switch
on the switching circuit based on the computation. Thereafter, the electrical
switch connects the wireless charger in the EV with the transmitter coil, ini-
tiating power transmission. The flowchart of the system has been illustrated
in Fig. 5.4.
FIGURE 5.4: Block diagram of the proposed charger, with the
micro-controller as the main controlling element between the
sensors and charging pad.
5.2.1 Wireless Sensor Array Definition
Fig. 5.5 illustrates a parking space model which consists of an inbuilt array
of 16 independent sensors. The proposed sensor array can be described as
a 4x4 matrix, where each set of four sensors is responsible for determining
the position of a wheel. The precision of calculating the car’s position can
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be optimised by increasing the number of sensors. However, that will simul-
taneously increase the complexity of the control unit and algorithm. In the
end, the cost of implementation will also increase. Alternatively, precision
can be enhanced by using existing sensors to measure the position of three or
two wheels in diagonal positions. Thus, the algorithms require at least two
wheels to be positioned diagonally to determine the charger’s position.
FIGURE 5.5: Charging pad sensor network alignment that
senses the car wheels to calculate the position of the car’s re-
ceiver coil.
As presented in Fig. 5.6, the sensor array underneath each wheel can be
considered as an independent system. Each of the four sets of sensors can
determine 9 different positions of each wheel, depending on which combi-
nation of sensors are activated. For instance, if only sensor S13 is activated,
the control unit determines that the wheel is positioned on top of the sen-
sor, whereas in the event that sensors S13 and S14 are activated, the unit will
recognise that the wheel is placed in between the two sensors in position 1.
If all four sensors are activated, the wheel is considered to be in position 5.
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FIGURE 5.6: Sensor network’s position under a single wheel,
which can determine 9 different placements.
5.2.2 The Control Unit
All feasible combinations of the four sensors under each wheel are presented
in Fig. 5.7, which further explains the logic in Fig. 5.6. Furthermore, in the
proposed system, logic "1" indicates that the sensor is activated, while "0"
indicates otherwise. It is possible to program the system vice versa such that
logic "0" indicates that the sensor is active.
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FIGURE 5.7: Outputs of a single wheel position system as seen
on micro controller input.
Upon activation of the sensors beneath each wheel, the control unit trig-
gers the corresponding switch to connect the charger to the relevant coil. The
proposed coil system consists of six rectangular coils as shown in Fig. 5.8.
The open ends of each coil is linked to the connector RB4, which is perma-
nently connected to the inverter. In contrast, the opposite end of the coils
are connected to independent switches. Therefore, connection RB0 is linked
to switch SW0 on the switching board, RB1 to SW1 and so on. Once the re-
lated switch is triggered according to the calculations, the coil with highest
efficiency is activated to transmit power to the EV.
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FIGURE 5.8: The connection of the transmitter coils in the
charging pad.
5.3 System Design and Practical Implementation
The proposed system is presented in Fig. 5.11. The charging system com-
prises a power supply unit with an LM7805 voltage regulator that provides
stable voltage to both the micro controller and WPT charger. In the control
circuit, we used micro controller PIC18F452, as shown in Fig. 5.9, to coordi-
nate the operation of the charging pad. Four of the PICs pins; RD0 to RD3
are used as outputs. These outputs constantly changes their values from logic
"0" to logic "1", of which only one of the outputs can be on logic "1" at any
given time. These changes are constantly monitored by the micro-controllers’
inputs, RD4 to RD7 respectively. Furthermore, we developed the algorithm
such that the microelectronic converts the input signal by setting one or more
outputs on gates RB0 to RB5 to logic "1" to control the switching board.
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FIGURE 5.9: Pin diagram of PIC18F452 used as a control unit in
the experiment.
FIGURE 5.10: Connection of a relay via NPN transistor with the
output of the micro controller.
As the micro-controller has internal resistance, to pull up logic "1", +5V
is not sufficient enough to drive the relay directly from the micro controller.
The typical current that is required through the coils to switch the relay is
between 25mA and 70mA, therefore an external driving circuit is required.
Fig. 5.10, illustrates the relay drive circuit that was used. The NPN tran-
sistor BC547 was used to control the current through the relay coil. When
logic "1" appears on the micro-controller output pin, the transistor opens and
closes by logic "0" on the micro controllers output. To drive the transistor
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into saturation, the external pull-up resistor R3 (4k7) is used. This provides
the transistor with sufficient current to ensure a gain (h f e) of 100. In addition,
the diode D1 (1N2007) is used as a free wheel diode to protect the transistor
against the electromagnetic field that is induced on the coil of the relay when
the transistor turns off. The diode ensures that the energy induced on the coil
dissipates on the internal resistance of the coil while LED D2 is used as an
indicator when the relay is switched on.
FIGURE 5.11: Practical implementation of the proposed system,
with charging pad and a car.
As shown in Fig. 5.11, the designed system consists of a charging pad,
which includes a set of six charging coils. Each coil is connected to a separate
relay, mounted on the switching board. The relays, controlled by a micro
controller, connect the charging coil to the WPT charger. The power provided
by the WPT charger is redirected through the relays to a specific coil. A car
template is created to simulate the position of the car on the charging pad.
When the car is placed on top of the charging pad, the wheels of the car
trigger the sensors in the network. The micro controller determines the car’s
position and activates the appropriate coil, as shown in Fig. 5.12. Once the
coil is activated, the EV charging begins. An LED indicator on the switching
circuit indicates which relay is activated. If the car position changes, the
change is detected immediately by the sensor network, and the charging coil
120
Chapter 5. Wireless Power Transmission System for Autonomous
Charging of EV
changes if necessary.
FIGURE 5.12: The charging system with the car parked on the
parking space. The LED indicate which coil is active at the cer-
tain parking position.
The WPT charger used in this experiment is based on a H-bridge inverter
circuit. This ensures that a full square wave voltage is applied to the trans-
mitter coil. The switching frequency of the switches was set on 200kHz in
order to operate within the QI standards. The circuit diagram of the charger
can be seen in Fig. 5.13.
5.4. Measured Efficiency and Spatial Freedom of Proposed System 121
FIGURE 5.13: The circuit diagram of a H-bridge inverter.
5.4 Measured Efficiency and Spatial Freedom of Pro-
posed System
To evaluate the proposed system, the experimental results have been pre-
sented in this section. As mentioned, the H-bridge inverts the DC voltage
provided by the power supply. The inverted square wave voltage is applied
to the transmitter coil. Following this, we measured the output of the inverter
and compared that with the received voltage on the receiver coil on a time
scale as presented in Fig. 5.14. In the figure, the output voltage of the inverter,
presented in blue line is not square shape. This is due to inductance of the
transmitter coil. The peak of the output voltage is just below 10V. This drop
from the 12V supplied to the inverter represents a significant loss. Neverthe-
less, the drop in the semiconductor components are expected. The voltage on
the receiver side is illustrated as a dotted black line in the same figure. The
received voltage is measured when full the transmitter and receiver are fully
aligned. At its peak, the received voltage reached 13.5V.
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FIGURE 5.14: The comparison between the output voltage on
the transmitter side and the received voltage of the receiver.
The transmitter and receiver loops are designed to have a maximum of
50% misalignment between the closest coils. Therefore, the coverage between
the transmitter and receiver can be between 100% and 25%. In Fig. 5.15, the
measured results of the voltage on the receiver coil for 100, 80, 60 and 30%
coverage are presented and compared. The results show that the transmis-
sion efficiency drops with increased misalignment between the coils. For
instance when the coverage drops to 80%, the voltage measured on the re-
ceiver loop drops by 1.5V. The drop is even more evident when the coverage
drops to 30%, where the measured voltage on the receiver reduces to 7.6V.
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FIGURE 5.15: Voltage measured on the receiver for a changed
misalignment between the coils.
According to the results, efficiency of the charging pad depends on the
car position. Fig. 5.16 shows the comparisons between the calculated and
the measured efficiency drops according to the level of the misplacement.
When the coils are perfectly align, the power transfer is maximised. With
the increased misplacement between the two coils the efficiency of the trans-
mission also drops. As shown in the figure, the efficiency drops for 10%, if
the misalignment between the two coils drops to 52%. The efficiency can be
increased by introducing additional coils into the transmitter. This will in-
crease the coverage and prevent the misalignment to drop bellow 25%. At
minimum alignment of the coils at 25 %, the efficiency drop in the transmis-
sion is 37%, while the calculated results show 30% drop.
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FIGURE 5.16: Efficiency drop caused by the misplacement be-
tween the transmitter and receiver coils.
Based on the efficiency drop caused by the misalignment between the
transmitter and receiver, the corresponding efficiency of a charging pad is
presented in Fig. 5.17. As shown in the figure, the charging pad achieves
highest efficiency of 87% when the charging coil is aligned with the receiver
coil. On the other hand, the charging efficiency drops when the centre of the
receiver coil is in between the four charging coils. In that case, the efficiency
of the charging system drops to 52%.
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FIGURE 5.17: The efficiency of a charging pad for a whole
working surface.
The main advantage of the proposed smart charger is that it offers a re-
duced response time as presented in Table 5.2. The reaction time needed to
respond to the introduction of the receiver coil or a change of the position
of the existing receiver coil is compared between the proposed and existing
chargers. It has been estimated that the chargers spend 2s per coil in its bid
to determine the coil with highest transfer efficiency. The time spent for com-
munication was measured for the existing phone charger systems. During
that time, the charger sent maximum power to the receiver, measured the ef-
ficiency and received a response from the receiver. However, our proposed
charging system can determine the EV’s position and start the charging of the
vehicle within 15ms, which is the time of a single programme cycle. The com-
parison of reaction time between the charger and the conventional chargers
is presented in Fig. 5.18. It should be noted that power transmitter is de-
coupled from the sensor network of the charging system, though they are
integrated. Therefore, the smart charger can constantly monitor the position
of the vehicle without the interrupting the charging.
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TABLE 5.2: Response time of a system depends on a number of
transmitting coils.
No. of coils Usual system Proposed system
1 2s 15ms
2 4s 15ms
3 6s 15ms
4 8s 15ms
5 10s 15ms
6 12s 15ms
7 14s 15ms
8 16s 15ms
FIGURE 5.18: Comparison of the time needed for the charger
to find the coil with maximum efficiency between proposed
charger and conventional localization method.
Another important factor to consider in the EV charging is the power
during the process of searching and selecting the transmitting coil with maxi-
mum efficiency. It has been estimated that the charger loses the same amount
of power as the proposed system, which is 2mWh per coil. This estima-
tion is based on the assumption that the full power has to be transmitted
from the transmitter to the receiver for at least 1s to measure the efficiency of
transmission. Therefore, as shown in Table 5.3, for a system with 6 charging
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coils, the lost energy in each position is calculated to be around 12mWh. In
contrast, our proposed charging solution does not require any power trans-
mission before selecting the coil with maximum efficiency. In this regard,
Fig. 5.19 shows that power consumption of the proposed system is higher
for a single coil system however, with higher number of transmitting coils,
the power consumption stays the same. In contrast, conventional systems
power consumption increases with the number of coils. In contrast, power
consumption of a conventional system increases with the number of coils.
Considering, that the transmit power of the WPT system for the EV charging
may vary from couple of hundreds of watts [110] up to hundreds of kilowatts
[109], simultaneously the power losses due to coil search would also signif-
icantly increase. With the proposed method, the energy consumption of the
charger remains stable at 3mWh regardless of the transmit power variations
of the WPT charger.
TABLE 5.3: Power consumption of a system depends on the
number of transmitting coils.
No. of coils Usual system Proposed system
1 2 mWh 3mWh
2 4mWh 3mWh
3 6mWh 3mWh
4 8mWh 3mWh
5 10mWh 3mWh
6 12mWh 3mWh
7 14mWh 3mWh
8 16mWh 3mWh
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FIGURE 5.19: Comparison between estimated power loss of
proposed charger and the charger with measuring method of
finding the coil with maximum efficiency.
5.5 Chapter Summary
This chapter investigated a smart charging system for EVs. The system can
autonomously determine the position of the receiver coil, which allows the
charging pad to utilise only the coil with the highest transfer efficiency to
charge the EV. The results show that, with this techniques, the operations
of the charging pad can be optimised as the optimal charging coil can be
determined almost immediately after the EV is located on the parking spot.
Furthermore, the proposed design improves the efficiency of the charging
system, as the transmitter is not required to perform measurements on each
coil to determine the one with highest efficiency for each location. Thus, our
solution eliminates energy losses in the optimal coil selection process, which
can be significant in energy intensive systems such as car charging. Finally,
the proposed method of charging is more reliable, as the car’s position is
detected instantly, and recalibration of the charger is not required if the car
slips out of position
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6.1 Conclusion
IN a nutshell, Chapter 6 concludes this thesis, summarising the researchfindings presented throughout the presents five chapters, the outcomes
and the path forward. This work has attempted to provide a new perspective
to improve the WP charging capability for EV, addressing the current draw-
backs in the market. This thesis explicates WPT technologies, applications
and limitations in a systematic framework: inductive coupling WPT, mag-
netic resonant coupling WPT and electromagnetic radiation. Since the IWPT
phenomenon was first introduced, it has come a long way becoming highly
desirable, more efficient, smarter and smaller in size.
IWPT falls under the near-field category while electromagnetic radiation
is widely being used for far-field WPT. Radiation-based far-field WPT offers
high efficiency and longer transmission distances, but it poses a number of
challenges for power transfer applications due to radiation and LoS require-
ments. On the other hand, near-field-based WPT is constrained by transmit-
ter and receiver misalignments, distance and the charging direction of ele-
ments. Particularly, magnetic resonant coupling-based WPT addresses the
major limitations of inductive coupling, which requires closely coupled ele-
ments. It demands precise alignment between the elements. Despite draw-
backs such as potential electromagnetic interference due to higher frequency
bands and lower efficiencies, resonant-based systems transmit power over
long distances through complex circuitry. Hence, each technology can be
accommodated based on their merits to ascertain the requirements of con-
sumers. Inductive charging-based applications relatively relies on lower fre-
quencies, functioning at high efficiency with minimum charging period while
resonant-based applications may possibly offer a degree of freedom with
power transmission between loosely coupled elements, simply trading off
efficiency for convenience.
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This thesis has also reviewed ongoing and previous research in the field,
providing a thorough description, and a perspective on the current prob-
lems within EV wireless charging. This work differs from many published
approaches as it isolates wireless charging for EV as a whole and addresses
how efficiency can be improved in sub-topics, improving one design aspect
at a time.
EV technology and ICEVs have been compared from both the customer’s
point of view and the point of view of environmental impact. Given that
EV wireless charging is the focus of this thesis, not only the charging tech-
nology but also, a brief yet holistic research on the battery which is to be
charged has been presented. Findings based on the literature review on cur-
rently used battery technologies have been stated and the potential multidis-
ciplinary drawbacks of each phenomenon that require further research have
been identified.
This thesis proposes two design architectures that can be used for EV
charging via strongly coupled magnetic resonance using both a two-coil struc-
ture and multi-coil structure. The analogy between the geometrical struc-
tures has been mathematically detailed and heuristically derived. The rela-
tionship between system efficiency, resonant frequency, coupling coefficient
and displacement between the elements, of both designs have been further
analysed. The efficiency of power transfer depends on frequency. This thesis
discusses efficiency in terms of Q and k, which are a function of frequency.
In addition, the literature also discusses efficiency as a function of decay con-
stant, but this has not been considered in this thesis, given that all three pa-
rameters are directly proportional to the frequency, at a given frequency the
k must be higher than Q and decay constant. The theoretical circuit mod-
els were established based on the M principle and system efficiency, output
power and k were expressed to further simplify the circuit parameter calcu-
lations. Suitability of the individual concept has been validated, using both
the simulated and calculated system efficiency.
Chapter 3 provides a fundamental yet a cogent description of the limita-
tions of a standalone SCMR system and the means of carefully bringing to-
gether both SCMR and CSCMR systems to overcome the system’s limitations
such as flexibility and manufacturing costs. In a nutshell, with the receiver
end with embedded load loop and RX in plane, the system functions at its
maximum efficiency across larger distances. The experimental replication
of the SCMR-CSCMR system has been documented, and the experimental
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results have compared with the simulation results. The work has also high-
lighted the influence of vehicle and system positioning. A thorough anal-
ysis has been presented upon accommodating the changes to validate the
effect on system characteristics, which have been described in great detail.
The system successfully attains efficiencies compared to frequency matching
techniques, arbitrating the ability to charge EV models with a diverse range
of dimensions with an accelerated degree of freedom.
Chapter 4 presents a modified two loop resonant WPT circuit where the
inductors with high resonant factor are replaced with a small set of induc-
tors which are placed in parallel with a low–Q inductor. The study indicates
that the proposed system design can attain the maximum efficiency at even
a smaller k akin to a system with high-Q coils. Interestingly, design con-
cepts presented in this thesis, have further reduced the size and the weight
of the system, proving that the higher Q-factor results can be achieved with-
out high-Q inductors and low capacitor value. Therefore, the proposed sys-
tem indicated 5% contraction of efficiency to achieve the 80% size reduction
and 79% weight reduction of the elements, hence can potentially be installed
within a compact yet smaller application.
In Chapter 5, SCMR-based smart algorithm has been illustrated, provid-
ing a multi-position charging platform that can be installed in a parking
space. The system can autonomously identify the location of the receiver
and begin the charging process immediately, using only the coil capable of
attaining highest efficiency. Even though, the proposed charging pad offers
a superior and reliable charging solution, it may have limitations such as as-
sistance of a control algorithm. In future the planning uncertainties need to
be met, given the increasing number of vehicles that demand charging. Fur-
thermore, the loading capacity and the impact of extensive charging on the
charger need to be measured.
The main objective of this project is to develop an infrastructure to ac-
commodate WPT between different charging platforms and receiver archi-
tectures to cater static charging of the batteries comprised in potential appli-
cations such as EV, hand-held devices, household equipment etc. Three dif-
ferent WPT architectures have been proposed and have been successfully im-
plemented. An economic evaluation for each architectural structure has not
been conducted where assessing the commercial viability does not fall within
the project’s scope. The cost of the materials, has often been widely debated
to justify their manufacturability. As a matter of fact, material costs and
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weight mitigate the larger overhead constraints caused due to metal and pas-
sive power electronic components. Inductive solution that is smaller, lighter
with enhanced efficiency has been discussed while minimising the cost and
mass of the system. Hence emerging ultra-capacitors, which instantly de-
liver and store energy, can be utilised to support design optimisation. The
conclusions of this thesis can be summarised as follows.
• Miniaturization of the system can be achieved in a number of ways, by
simply combining two or more existing designs or by adding compact
system components to the systems.
• The maximum distance between the TX and Rx components, can be
enhanced by using additional components, however, this might reduce
the transfer efficiency.
• The reduction of weight can be achieved by adding new components to
represent the existing system components, which may simultaneously
reduce both the size and the weight of the system.
• Strongly coupled inductors are not compulsory to achieve longer dis-
tances.
• Early detection of the receiver coil can be achieved with a low power
detection circuit, eliminating actual power transmission between the
transmitter and receiver.
• Contraction of the distance between the transmitter and the receiver
in a four-loop inductive system can be compensated by decreasing the
distance between the source and transmitter loop.
6.2 Future Work
The global wireless charging market for EV is growing in leaps and bounds,
intending to drive the market share at a significant rate parallel to the surging
EV sales. Major industrial players such as Qualcomm, WiTricity and other
auto manufacturers, heavily invest in research and development, while the
consumer is ready to pay premium prices to own the market trends. The time
limitations of the technology such as its shorter range, the lack of charging
infrastructure and longer charging durations have been discussed through-
out out the study, and a handful of future research possibilities have been
emphasised.
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This thesis is highly centred on optimising WPT efficiency to accommo-
date EV charging. Where during the literature review, it is noted that few
areas require further research. A vast range of literature or publications ad-
dresses physical design and characteristics such as the inductance, coupling
and efficiency of WPT. Hence, it can be surmised that the quantum mechan-
ical behaviour of magnetic resonant coupling has been the least addressed
areas; however, it has the potential to reveal how reactive forces function in
free space to further enhance the efficiency of applications.
6.2.1 Dynamic Charging
IWPT technology has exhibited satisfactory performance in stationary charg-
ing, while the vehicle is parked or stopped for a short period of time. Design-
ing a real life-dynamic charging system can be considered as one of the most
eminent challenges catering charging facility to a vehicle which is in motion
along a dedicated lane, equipped with an IWPT system. Dynamic wireless
charging is a promising technology to partially or completely eliminate the
stationary charging, through a network of dynamic chargers installed un-
derneath the roads. Dynamic charging would also significantly decrease the
demand for higher battery capacity with increased range and the reliability
of EVs. However, there are a number of hurdles to skip prior to physically
implement such a system. Particularly, losses due to coil misalignments and
vehicle tracking would be among the most critical challenges to overcome.
6.2.2 Coil Misalignments
Although this study has proposed coil overlapping in the experimental set
up, the design structure may require further research to improve the mis-
alignments with additional circuitry, minimising the material costs. High-
est efficiency achieved during the experiment was close to 100% efficiency,
which may be achieved by scaling coil characteristics such as its material,
diameter and geometry. Given the fact that SCMR-based systems operate
in a reactive near-field region, it has a highly limited range. If the systems
are built with special meta-materials and tuned to operate at a lower fre-
quency range, the range may be enhanced. There is an open window to fur-
ther miniaturise the coil architecture using a variety of dielectrics and highly
permeable ferromagnetic materials.
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6.2.3 Battery Technology
Even though this study has not extensively addressed the limitation of each
battery technology to accommodate the aforementioned design architectures,
the range could be further improved with enhanced battery solutions or
power management solutions; for instance, by employing ultra-capacitors.
This study has often assumed that the transmitter pad is located in one place
or standing still and the receiver pad is located within the object to be charged,
where power transmission occurs in one direction. However, the literature
indicates that the notion of bidirectional WPT is emerging as a solution to fa-
cilitate charging a neighbouring device which requires charging or returning
the extra energy back to the source.
6.2.4 System Architecture
Ensuring widespread adoption of wireless power systems for EV means they
are required to move forward and be able to charge EV with electrical propul-
sion and autonomous cars by 2035. Magnetic resonance based WPT has so far
been able to attain high efficiency power transmission at a greater distance,
using 6.78MHz ISM frequency band. To fulfil the rising demand, magnetic
resonant systems require to undergo fundamental changes in both coil tech-
nologies, system architecture, and amplifiers. Gallium nitride-based (GaN)
class D amplifiers (similar to a conventional DC-AC inverter) and class D
zero voltage switching (ZVS) will be highly advantageous to use in wireless
power transmission, as they lead to lesser switching losses and have the po-
tential to enhance overall system efficiency. GaN technology itself is a novel
addition to the power electronics. However, the introduction of GaN-based
amplifiers require an extensive amount of research, covering both its reliabil-
ity and safety characteristics.
6.2.5 Smart Energy Management
Both the charging platform and vehicle should be developed with smart fea-
tures to autonomously detect the power demand profile in advance, to trade-
off in terms of energy source between the conventional battery and ultra-
capacitor system, which will eventually expand the range. Hence the power
splitting decision should be made based on a certain policy that determines
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the time, the load required and the efficiency boundaries via a form of artifi-
cial intelligence (AI). Publications have discussed in-vehicle power manage-
ment based on a vehicle’s forward-propulsion load, but the non-propulsion
loads have not been not widely investigated.
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